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Materials design based on density functional theory (DFT) calculations is an emergent field of
great potential to accelerate the development and employment of novel materials. Magnetic mate-
rials play an essential role in green energy applications as they provide efficient ways of harvesting,
converting, and utilizing energy. In this review, after a brief introduction to the major functional-
ities of magnetic materials, we demonstrated the fundamental properties which can be tackled via
high-throughput DFT calculations, with a particular focus on the current challenges and feasible
solutions. Successful case studies are summarized on several classes of magnetic materials, followed
by bird-view perspectives for the future.
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Glossary of acronyms
2D: two-dimensional
AFM: antiferromagnetic
AHC: anomalous Hall conductivity
ANC: anomalous Nernst conductivity
AMR: anisotropic magnetoresistance
ARPES: angle-resolved photoemission
BZ: Brillouin zone
DFT: density functional theory
DLM: disordered local moment
DOS: density of states
DMFT: dynamical mean field theory
DMI: Dzyaloshinskii-Moriya interaction
DMS: dilute magnetic semiconductors
FiM: ferrimagnetic
FL: Fermi liquid
FM: ferromagnetic
FMR: ferromagnetic resonance
FOPT: first-order phase transition
GMR: giant magnetoresistance
HM: half-metal
HMFM: half-metallic ferromagnet
HTP: high-throughput
ICSD: inorganic crystal structure database
iSGE: inverse spin Galvanic effect
IFM: itinerant ferromagnet
2IM: itinerant magnet
MAE: magnetocrystalline anisotropy energy
MBE: molecular beam epitaxy
MCE: magnetocaloric effect
MGI: materials genome initiative
ML: machine learning
Mr: remanent magnetization
Ms: saturation magnetization
MOKE: magneto-optical Kerr effect
MRAM: magnetic random-access memory
MSMA: magnetic shape memory alloy
MSMA: magnetic shape memory effect
NFL: non-Fermi liquid
NM: nonmagnetic
QAHE: quantum anomalous Hall effect
QAHI: quantum anomalous Hall insulator
QCP: quantum critical point
QPI: quasipartical interference
QPT: quantum phase transition
QSHE: quantum spin Hall effect
RE: rare-earth
RPA: random phase approximation
SCR: self-consistent renormalization
SdH: Shubnikov-de Haas
SDW: spin density wave
SGS: spin gapless semiconductor
SHE: spin Hall effect
SIC: self-interaction correction
SOC: spin-orbit coupling
SOT: spin-orbit torque
STS: scanning tunnelling spectroscopy
SQS: special quasi-random structure
STT: spin-transfer torque
TC : Curie temperature
TI: topological insulator
TRIM: time-reversal invariant momenta
TM: transition metal
TMR: tunnelling magnetoresistance
TN : Ne´el temperature
vdW: van der Waals
XMCD: x-ray magnetic circular dichroism
I. INTRODUCTION
Advanced materials play an essential role in the func-
tioning and welfare of the society, particularly magnetic
materials as one class of functional materials suscepti-
ble to external magnetic, electrical, and mechanical stim-
uli. Such materials have a vast spectrum of applications
thus are indispensable to resolve the current energy is-
sue. For instance, permanent magnets can be applied for
energy harvesting (e.g., wind turbine to generate elec-
tricity) and energy conversion (e.g., electric vehicles and
robotics with mechanical energies from electricity). Ac-
cording to the BCC research report,1 the global mar-
ket for soft and permanent magnets reached $32.2 billion
in 2016 and will reach $51.7 billion by 2022. Further-
more, to go beyond the quantum limit of conventional
electronic devices, spintronics exploiting the spin degree
of freedom of electrons provides a promising alternative
for energy efficient apparatus, which has attracted in-
tensive attention in the last decades. Nonetheless, there
are still a variety of pending fundamental problems and
emergent phenomena to be understood. Therefore, there
is a strong impetus to develop better understanding of
magnetism and magnetic materials, and to design mag-
netic materials with optimal performance.
The conventional way of discovering and employing
materials is mostly based on the empirical structure-
property relationships and try-and-error experiments,
which are time and resource costly. Early in 2011, the
U.S. government has launched the Materials Genome Ini-
tiative (MGI), aiming at strategically exploring materials
design.2 The proposed synergistic paradigm integrating
theory, modelling, and experiment has proven to be suc-
cessful, while there are still plenty of open challenges.3
From the theoretical point of view, as the material prop-
erties comprise the intrinsic (as given by the crystal struc-
ture) and extrinsic (as given by the microstructure) con-
tributions, a multi-scale modelling framework should be
established and embraced, leading to the integrated com-
putational materials engineering approach4 and the Eu-
ropean materials modelling council program.5 For both
frameworks and the counterparts, density functional the-
ory (DFT) is of vital importance, due to its capability to
obtain accurate electronic structure and thus the intrin-
sic properties, and essential parameters for multi-scale
modelling, ensuring the predictive power.
3Till now, high-throughput (HTP) computations based
on DFT have been applied to screening for various
functional materials, such as electro-catalyts,6 thermo-
electrics,7 and so on. Correspondingly, open databases
such as Materials Project,8 AFLOWlib,9 NOMAD,10
and OQMD11 have been established, with integrated
platforms like AiiDA12 and Atomate13 available. This
changes the way of performing DFT calculations from
monitoring jobs on a few compounds to defining and ap-
plying workflows applicable on thousands of compounds,
so that the desired properties get evaluated and opti-
mized, e.g., the thermoelectric figure of merit.7
In contrast to the other physical properties such as
band gaps, absorption energies for catalysts, and thermo-
electric properties, magnetic properties and their charac-
terization based on DFT pose a series of unique chal-
lenges and there has been limited exploration of design-
ing functional magnetic materials. For instance, there are
three key intrinsic magnetic properties, i.e., magnetiza-
tion, magnetic anisotropy energy (MAE), and the critical
ordering temperature, which are difficult to be evaluated
in a HTP manner. Besides the intriguing origin of mag-
netization (e.g., localized or itinerant) where consistent
treatment requires a universal theoretical framework be-
yond local and semilocal approximations to DFT, it is
already a tricky problem to identify the magnetic ground
states as the magnetic moments can get ordered in ferro-
magnetic (FM), ferrimagnetic (FiM), antiferromagnetic
(AFM), and even incommensurate noncollinear config-
urations. Moreover, the dominant contribution to the
MAE can be attributed to the relativistic effects, e.g.,
spin-orbit coupling (SOC), where the accurate evaluation
demands good convergence with respect to the k-mesh,
resulting in expensive computational efforts. Lastly, the
critical ordering temperature is driven by the magnetic
excitations and the corresponding thermodynamic prop-
erties cannot in principle be addressed by the standard
DFT without extension to finite temperature. Due to
such challenges, to the best of our knowledge, there
are only a few limited successful stories about applying
the HTP method on designing magnetic materials (cf.
Sect. V for details).
In this review, we aim at illustrating the pending prob-
lems and discussing possible solutions to facilitate HTP
design of magnetic materials, focusing particularly on the
intrinsic properties for crystalline compounds which can
be evaluated based on DFT calculations. Also, we pre-
fer to draw mind maps with a priority on the conceptual
aspects rather than the technical and numerical details,
which will be referred to the relevant literature. Corre-
spondingly, the major applications of magnets and the
criticality aspects will be briefly summarized in Sect. II.
In Sect. III, we will elucidate several fundamental as-
pects which are essential for proper HTP computations
on magnetic materials, with detailed discussions on a
few representative classes of magnetic materials. The in-
depth mathematical/physical justification will not be re-
peated but referred to necessary publications for curious
readers, e.g., the recently published “Handbook of Mag-
netism and Advanced Magnetic Materials”14 is a good
source for elaborated discussions on the physics of mag-
netic materials. In Sect. V the successful case studies
will be summarized, with future perspectives given in
Sect. VI.
It is noted that there are a big variety of magnetic ma-
terials which are with intriguing physics or promising for
applications, as listed in the magnetism roadmap.15–17
We excuse ourselves for leaving out the current dis-
cussions on quantum magnets,18–20 quantum spin liq-
uid,21 (curvilinear) nanomagnets,22,23 Skyrmions,24 high
entropy alloys,25 multiferroics,26 and ultrafast mag-
netism,27 which will be deferred to reviews specified.
Also, we apologize for possible ignorance of specific pub-
lications due to the constraint on the man power.
II. MAIN APPLICATIONS OF MAGNETIC
MATERIALS
A. Main applications
The main applications of magnetic materials are com-
piled in Table.I, together with the representative mate-
rials. We note that small magnetic nanoparticles (2-100
nm in diameter) can also be used in biology and medicine
for imaging, diagnostics, and therapy,28 which is beyond
the scope of this review. Most remaining applications
are energy related. For instance, both permanent mag-
nets (i.e., hard magnets) and soft magnets are used to
convert the mechanical energy to electrical energy and
vice versa. Whereas spintronics stands for novel devices
operating with the spin of electrons, which are in princi-
ple more energy efficient than the established electronic
devices based on semiconductors.
Permanent magnets are magnetic materials with signif-
icant magnetization (either FM or FiM) which are mostly
applied in generating magnetic flux in a gap, with the
corresponding figure of merit being the maximum en-
ergy product (BH)max.
29 As marked by the B-H curves
in Fig. 1, it provides an estimation of the energy stored
in the magnets and can be enhanced by maximizing the
hysteresis, e.g., by increasing the remanent magnetiza-
tion Mr and coercivity Hc. Such extrinsic quantities like
Mr and Hc are closely related to the microstructure of the
materials, where the corresponding upper limits are given
by the intrinsic quantities such as saturation magnetiza-
tion Ms and MAE. Nowadays, for commercially available
Nd2Fe14B, 90% of the theoretical limit of (BH)max can
be achieved,30 suggesting that there is a substantial space
to further improve the performance of other permanent
magnets.
In contrast, soft magnets are magnetic materials with
significant Ms as well, and they are easy to be mag-
netized and demagnetized corresponding to high initial
and maximal relative permeability µr = B/(µ0H), where
B = µ0(H+M) denotes the magnetic induction under
4FIG. 1: (color online) Typical hysteresis curves of a FM ma-
terial. The B-H and M-H loops are denoted by red dashed
and blue solid lines, respectively. The black bullets marks
the critical values of the key quantities such as the residual
induction Br, remanent magnetization Mr, coercivity Hc, in-
trinsic coercivity Hci and saturation magnetization Ms. The
maximal energy product (BH)max is indicated by the shaded
region.
magnetic field H, and µ0 is the vacuum magnetic per-
meability. That is, the corresponding hysteresis loop as
shown in Fig. 1 is ideally narrow for soft magnets, cor-
responding to vanishing hysteresis in the ideal case. In
this regard, most soft magnets are Fe-based alloys of cu-
bic structures, because Fe has the largest average mo-
ment among the 3d series of elements in solids. The soft
magnets are widely applied in power generation, trans-
mission, and distribution (Table. I). In addition to the
Ms which is an intrinsic property, microstructures play a
significant role in developing soft magnets, e.g., the eddy
current losses caused by the cyclical rearrangements of
magnetic domains in AC magnetic fields should be min-
imized.31
Another interesting class of magnetic materials are
those with phase transitions (either first-order or second-
order) driven by external magnetic fields, leading to the
magnetocaloric effect (MCE) and magnetic shape mem-
ory effect (MSME). Compared to the 45% efficiency for
the best gas-compressing refrigerators, the cooling effi-
ciency of MCE devices based on Gd can reach 60% of the
theoretical limit.32 Moreover, the MCE devices are highly
compact and less noisy, giving rise to environmental-
friendly solutions for ever-growing demands of cooling on
the global scale. Following the thermodynamic Maxwell
relation ∂S∂B
∣∣
T
= ∂M∂T
∣∣
B
, optimized MCE can be achieved
upon phase transitions with significant changes in the
magnetization, which can be easily realized in those com-
pounds with first-order phase transitions (FOPTs). This
causes a problem about how to reduce the concomitant
hysteresis caused by the athermal nature of FOPTs.33
On the other hand, the MSME is caused by the domain
wall twinning induced by magnetic fields during FOPTs
(mostly martensitic transitions), and the corresponding
magnetic shape memory alloys (MSMAs) such as Ni-Mn-
Ga alloys can be applied as actuators and sensors.34
Last but not least, magnetic materials play a pivotal
role in the spintronic information technologies.35 As de-
tailed in Sect. IV G, the first generation of spintronic de-
vices rely on the spin-dependent transport (either diffu-
sive or tunnelling) phenomena which are best represented
by the discovery and application of the giant magnetore-
sistance (GMR) effect and the conjugate spin transfer
torque (STT).36 Whereas the second generation spintron-
ics takes advantage of spin-orbit coupling (SOC) (thus
dubbed as spin-orbitronics) and functions via the genera-
tion, manipulation, and detection of spin current, engag-
ing both FM and AFM materials.37 Many materials have
been investigated including half-metals (HMs),38 dilute
magnetic semiconductors (DMSs)39, leading to devices
like magnetic random-access memory (MRAM), and spin
transistors. Additionally, magnetic materials can also be
applied for the storage of information in both analogue
and digital forms, where the materials optimization is
a trade-off between competing quantities like signal to
noise ratio, write-ability with reasonable fields, and long-
term stability against thermal fluctuations.40
III. CRITICALITY AND SUSTAINABILITY
Magnetic materials are a prime example where the
supply risk of strategic metals, here most importantly
rare-earth (RE) elements, might inhibit the future de-
velopment. In general, resource criticality and sustain-
ability is understood as a concept to assess potentials
and risks in using raw materials for certain technologies,
particularly strategic metals and their functionalities in
emerging technologies.41 Such principles and evaluation
can be transferred to the other material classes subjected
to HTP design and future applications. As the appli-
cation and market for magnetic materials are expected
to grow in future technologies, factors such as geologi-
cal availability, geopolitical situation, economic develop-
ments, recyclability, substitutability, ecological impacts,
critical competing technologies and the performance of
the magnetic materials have to be considered at the be-
ginning in the development of new materials and their
constituent elements.
To be specific, the RE elements such as Sm, Dy, and
Tb (the latter two are usually used to improve the co-
ercivity and thermal stability of the Nd-Fe-B systems42)
are of high supply risk due to geopolitical reasons with
an expensive price, as specified in the “Critical Materials
Strategy” report,43 leading to a source of concern dubbed
as the “rare-earth crisis”.44 Particularly, such RE metals
in high demands have relatively low abundance, whereas
the abundant light RE elements such as La and Ce may
also be utilized to design volume magnets with desired
properties. The scenario also applies to transition metal
5TABLE I: A summary of the main applications of magnetic materials, with representative compounds
required properties materials applications
high anisotropy AlNiCo
large Mr Ferrite power generation
permanent magnets high coercivity Hc Sm-Co electric motor
low permeability Nd-Fe-B robotics
high Curie temperature
low anisotropy
large Ms transformer core
soft magnets high permeability Fe-Si inductor
small coercivity low-carbon steel magnetic field shield
low hysteresis Fe-Co
low eddy current losses
vibration damper
MSMA magnetic phase transition Ni-Mn-Ga actuator
structural reorientation sensor
energy harvester
large temperature change ∆T La-Fe-Si
magnetocaloric minimal hysteresis Ni-Mn-X magnetic refrigeration
materials mechanical stability Gd5(Si,Ge)4
strong spin polarization HMs sensor
efficient spin injection DMS MRAM
spintronics long spin diffusion length spin transistor
controllable interfaces
high ordering temperature
medium coercivity
magnetic storage large signal-to-noise ratio Co-Cr hard disks
short writing time 10−9s FePt
long stability time 10 years
(TM) and main group elements such as Co, Ga, and Ge,
which are susceptible to the sustainable availability and
can probably be substituted with Mn, Fe, Ni, Al, etc.
In addition to high prices and low abundance, toxic ele-
ments like As and P are another issue, which dictate com-
plex processing to make the resulting compounds useful.
That is, not all elements in the periodic table are equally
suitable choices for designing materials in practice.
IV. MAIN CHALLENGES AND POSSIBLE
SOLUTIONS
In this section, the fundamental aspects of designing
magnetic materials are discussed, with the pending prob-
lems and possible solutions illustrated.
A. New compounds and phase diagram
There have been of the order of 105 inorganic com-
pounds which are experimentally known (e.g. from the
ICSD database), which amount to a few percent of all
possible combinatorial compositions and crystal struc-
tures.45 Therefore, a common task for materials design of
any functionality is to screen for unreported compounds
by evaluating the stabilities, which can be performed via
HTP DFT calculations. Theoretically, the stabilities can
be characterized in terms of the following criteria:
1. thermodynamical stability, which can be character-
ized by the formation energy and distance to the
convex hull (Fig. 2), defined as
∆G = G(target)−G(comp. phases) ≤ 0, (1)
where G(target) and G(comp. phases) denote the
Gibbs free energy for the target and competing
phases, respectively. We note that the Gibbs free
energy is a function of temperature T and pressure
P, leading to possible metastable phases at finite
temperature/pressure. In most cases, only the for-
mation energy with respect to the constituent ele-
ments is evaluated, but not the convex hull with re-
spect to the other (either known or unknown) com-
peting phases. It is observed that evaluating the
convex hull can reduce the number of predicted sta-
ble compounds by one order of magnitude.46 Thus,
it is recommended to carry out the evaluation of
convex hull routinely for reasonable predictions, us-
ing at least those relevant compounds collected in
existing databases as competing phases. Certainly,
there are always unknown phases which can jeop-
ardize the predictions, but it is believed that the
false positive predictions will be significantly re-
duced with the resulting candidates more accessible
for further experimental validation.
6FIG. 2: Sketch of the convex hull for a hypothetical binary
metal(M) nitride.47 Copyright requested.
A few comments are in order. First of all, DFT
calculations are usually performed at 0 K and am-
bient pressure, thus cannot be directly applied to
access the metastability at finite temperature or
pressure. The pressure can be easily incorporated
into calculations using most DFT codes, whereas
the temperature constraint can also be remedied
by evaluating the Gibbs free energies as discussed
later in Sect. IV D. Nevertheless, given that typi-
cal solid phase transitions occur around a few hun-
dreds Kelvin which amounts to tens of meV, it
is a challenging task to evaluate the phase transi-
tion temperature accurately based on DFT calcula-
tions. In this regard, the combination of the DFT
and CALPHAD48 methods provides a good solu-
tion where experimental measurements can be eas-
ily incorporated, in addition to a straightforward
generalization to multicomponent systems. The
resulting phase diagram will also provide valuable
guidance for the experimental synthesis. Further-
more, the stability of metastable phases can be fur-
ther enhanced by modifying the experimental pro-
cesses. For instance, precursors can be used in or-
der to reduce the thermodynamic barrier (Fig. 2),
e.g., using more reactive nitride precursors like NH3
may allow the synthesis of metastable phases.47
Lastly, non-equilibrium synthesis techniques such
as molecular beam epitaxy (MBE), melt spinning,
mechanical alloying, and specific procedure to get
nano-structured materials can also be applied to
obtain metastable phases, as demonstrated for the
ε-phase of MnAl.49
Particularly for magnetic compounds, in most cases
when evaluating the thermodynamic stability, the
formation energies and distances to the convex hull
are obtained assuming FM configurations, as done
in Materials Project and OQMD. This is justi-
fied for the majority of the systems, but we ob-
served that the magnetic states will change the
energy landscape drastically for compounds with
strong magneto-structural coupling, which will be
discussed in detail in Sect. IV C. Another criti-
cal problem is how to obtain reliable evaluation
of the formation energies for the RE-based inter-
metallic compounds, where mixing DFT (for the
intermetallics) and DFT+U (for the RE elements)
calculations are required. This is similar to the case
of TM oxides, where additional correction terms
are needed to get a reasonable estimation of the
formation energies.50 It is noted that it is a chal-
lenging task to do proper DFT+U calculations in
a HTP way, where local minima occur very often
without good control on the density matrix and
additional orbital polarization correction is needed
to get correct orbital moments.51 Therefore, a solu-
tion to evaluate the thermodynamic stability is still
missing for RE-based intermetallic compounds.
2. mechanical stability, which describes the stability
against distortions with respect to small strain. It
can be formulated as
∆E = Edistorted − E0 = 1
2
∑
i,j
Ci,jij > 0, (2)
where Cij denotes the elastic constant and  the
strain, and E0 denotes the ground state energy
from DFT with equilibrium lattice parameters. De-
pending on the crystalline symmetry, Eq. (2) can
be transformed into the generic Born stability con-
ditions,52 i.e., a set of relationships for the elastic
constants which can be straightforwardly evaluated
based on DFT.
3. dynamical stability, which describes the stability
against atomic displacements due to phonons. In
the harmonic approximation,53 it yields
E = E0 +
1
2
∑
R,σ
∑
R′,σ′
DR,σΦ
σ,σ′
R,R′DR′,σ′︸ ︷︷ ︸
>0
, (3)
where Φσ,σ
′
R,R′ is the force constant matrix, DR,σ
marks the displacement of atom at R in the Carte-
sian direction σ. The positive definiteness can
be assured by diagonalizing the Fourier transfor-
mation of Φσ,σ
′
R,R′ , where no negative eigenvalue is
allowed. That is, there should be no imaginary
phonon mode in the whole Brillouin zone (BZ).
On the other hand, if there does exist imaginary
7phonon modes, particularly at a few specific q-
points, it suggests that the compounds can prob-
ably be stabilized in the correspondingly distorted
structure.
Till now, the stabilities are evaluated assuming spe-
cific crystal structures. Such calculations can be easily
extended to include more structural prototypes based on
the recently compiled libraries of prototypes.54,55 This
has been applied successfully to screen for stable ABO3
perovskite56 and Heusler57 compounds. One interesting
question is whether there are phases with unknown crys-
tal structures which might be stable or metastable, giving
rise to the question of crystal structure prediction. It is
noted that the number of possible structures scales expo-
nentially with respect to the number of atoms within the
unit cell, e.g., there are 1014 (1030) structures with 10
(20) atoms per unit cell for a binary compound.58 There
have been well established methods as implemented in
USPEX59 and CALYPSO60 to predict possible crystal
structures. For instance, within the NOVAMAG project,
the evolutionary algorithm has been applied to predict
novel permanent materials, leading to Fe3Ta and Fe5Ta
as promising candidates.61
To summarize, HTP calculations can be performed to
validate the stability of known compounds and to predict
possible new compounds. The pending challenges are (a)
how to systematically address the stability and metasta-
bility, ideally with phase diagrams optimized incorporat-
ing existing experimental data, (b) how to extent to the
multicomponent cases with chemical disorder and thus
entropic free energy, so that the stability of high entropy
alloys62 is accessible, and (c) how to perform proper eval-
uation of the thermodynamic stability for correlated RE
compounds and transition metal oxides.
B. Correlated nature of magnetism
For magnetic materials, based on (a) how the magnetic
moments are formed and (b) the mechanism coupling the
magnetic moments, the corresponding theory has a bifur-
cation into localized and itinerant pictures.63 The former
dates back to the work of Heisenberg,64 which applies
particularly for strongly correlated TM insulators and
RE-based materials with well-localized f -electrons.The
local magnetic moments can be obtained following the
Hund’s rule via
µeff = gJ
√
J(J + 1)µB , (4)
where gJ is the Lande´ g-factor, J denotes the total an-
gular momentum, and µB is the Bohr magneton. The
magnetic susceptibility above the critical ordering tem-
perature (i.e., in the paramagnetic (PM) states) obeys
the Curie-Weiss law:65
χ(T ) =
C
T − θW , (5)
where C is a material-specific constant, and θW denotes
the Curie-Weiss temperature where χ shows a singular
behavior. The Weiss temperature θW can have pos-
itive and negative values, depending on the resulting
ferromagnetic (FM) and antiferromagnetic (AFM) or-
dering, whereas its absolute value is comparable to the
Curie/Ne´el temperature. The Weiss temperature corre-
sponds to the molecular field as introduced by Weiss,66
which can be obtained via a mean-field approximation of
the general Heisenberg Hamiltonian:
H = −1
2
∑
i,j
JijSi · Sj , (6)
where Jij denotes the interatomic exchange interaction.
Specifically, Si · Sj is approximated to Szi 〈Szj 〉+ 〈Szi 〉Szj
by neglecting the fluctuations and hence the spin flip
term S+i S
−
j , leading to an effective field proportional to
the magnetization corresponding to the exchange field in
spin-polarized DFT.67
On the other hand, for intermetallic compounds with
mobile conduction electrons, the magnetic ordering is
caused by the competition between the kinetic energy
and magnetization energy. Introducing the exchange en-
ergy I = J/N where J is the averaged exchange integral
originated from the intra-atomic inter-orbital Coulomb
interaction and N the number of atoms in the crystal, a
ferromagnetic state can be realized if68
Iν(EF ) > 1, (7)
where ν(EF ) is the density of states (DOS) at the Fermi
energy EF in the nonmagnetic state. The so-obtained
itinerant picture has been successfully applied to under-
stand the occurrence of ferromagnetism in Fe, Co, Ni,
and many intermetallic compounds including such ele-
ments.69
FIG. 3: The Rhodes-Wohlfarth ratio qc/qs for various mag-
netic materials.65Copyright requested
However, the real materials in general cannot be classi-
fied as either purely localized or itinerant and are mostly
8at a crossovers between two limits. As shown in Fig. 3,
where the ratio of Curie-Weiss constant qc and the sat-
uration magnetization qs is plotted with respect to the
Curie temperature, the qc/qs ratio should be equal to 1
for localized moments as indicated by EuO, whereas for
the itinerant moments qc/qs  1. It is interesting that
the qc/qs ratio for Ni is close to 1 while it is a well known
itinerant magnet. More interestingly, there exists a class
of materials such as TiAu and ZrZn2 where there is no
partially filled d- or f -shells but they are still displaying
ferromagnetic behavior.65
It is noted that the localized moment picture based
on the Heisenberg model has limited applicability on
the intermetallic magnets, while the Stoner picture fails
to quantitatively describe the finite temperature mag-
netism, e.g., it would significantly overestimate the Curie
temperature and leads to vanishing moment and hence
no Curie-Weiss behavior above TC . A universal picture
can be developed based on the Hubbard model,70
H =
∑
ijσ
tija
†
iσajσ +
∑
i
Uni↑ni↓ (8)
where tij is the hopping parameter between different
sites, n is the number of electrons, and U denotes the
on-site Coulomb interaction. As a matter of fact, the
Stoner model is a mean field approximation of the Hub-
bard model in the weakly correlated limit andthe Heisen-
berg model can be derived in the strongly coupled limit
at half-filling.71 Another unified theory has been formu-
lated by Moriya considering self-consistent renormaliza-
tion of the spin fluctuations in the static and long-wave
length limits,63 which works remarkably well for the weak
itinerant magnets such as ZrZn2.
65 In terms of the Hub-
bard model, which can be further casted into the DFT
+ dynamical mean-field theory (DMFT) framework,72
where the hoppings are obtained at the DFT level and the
onsite electron-electron correlations are evaluated accu-
rately locally including all orders of Feynman diagrams.
Recently, the DFT+DMFT methods have been applied
on ZrZn2,
73 revealing a Fermi liquid (FL) behavior of the
Zr-4d electrons which are responsible for the formation of
magnetic moments. In this regard, it provides a univer-
sal solution which can be applied for magnetic materials
from localized to itinerant limits, which is better than
bare DFT. Importantly, for correlated TM oxides and RE
compounds, the d- and f -moments are mostly localized,
leading to narrow bands where the local quantum fluctu-
ations are significant and hence the spin fluctuations,74
which are naturally included in DFT+DMFT. Neverthe-
less, the usually performed single-site DFT+DMFT cal-
culations cannot capture the transverse magnetic excita-
tions particularly the long wave-length excitations criti-
cal for the behavior around TC . Detailed discussions will
be presented in Sect. IV D. We noted that the classifica-
tion of itinerant and localized magnetism is not absolute,
e.g., the Ce-4f shell changes its nature depending on the
crystalline environment.75
In this sense, DFT as a mean field theory has been
successfully applied to magnets of the itinerant and lo-
calized nature. In the latter case, the DFT+U76 method
is usually applied to account for the strong electronic cor-
relations. However, there are known cases where DFT
fails, e.g., it predicts a FM state for FeAl while exper-
imentally the system is paramagnetic.77 Also, the local
density approximation (LDA) gives wrong ground state
of Fe, i.e., LDA predicts the nonmagnetic fcc phase being
more stable than the FM bcc phase.78 Therefore, cau-
tions are required when performing DFT calculations on
magnetic materials and validation with experiments is
always called for. On the other hand, the DFT+DMFT
method is a valuable solution which covers the whole
range of electronic correlations, but the key problem is
that the current implementations do not allow automated
set-up and efficient computation on a huge number of
compounds.
C. Magnetic ordering and ground states
Assuming the local magnetic moments are well de-
fined, the Heisenberg Hamiltonian Eq. (IV B) is valid to
describe the low temperature behavior, the interatomic
exchange Jij is the key to understand the formation of
various long-range ordered states.There are three types
of mechanisms, based on the distance between the mag-
netic moments and how do they talk to each other.
1. direct exchange for atoms close enough so that the
wave functions have sufficient overlap. Assuming
two atoms each with one unpaired electron, the
Coulomb potential is reduced for two electrons lo-
calized between the atoms when the atoms are very
close to each other, leading to AFM coupling based
on the Pauli’s exclusion principle. On the other
hand, when the distance between two atoms be-
comes larger, the electrons tend to stay separated
from each other by gaining kinetic energy, result-
ing in FM coupling. Thus, the direct exchange is
short ranged, which is dominant for the coupling
between the first nearest neighbors. This leads to
the Bethe-Slater curve, where the critical ratio be-
tween the atomic distance and the spatial extent of
the 3d-orbital is about 1.5 which separate the AFM
and FM coupling.79
2. indirect exchange mediated by the conduction elec-
trons for atoms without direct overlap of the
wave functions. It can be understood based on
the Friedel oscillation, where the conduction elec-
trons try to screen a local moment, thus forming
long range oscillating FM/AFM exchange coupling,
leading to the RKKY-interaction named after Ru-
derman, Kittel, Kasuya, and Yoshida.80 It is the
dominant exchange coupling for atoms beyond the
nearest neighbour in TM magnets and localized
4f -moments (mediated by the sp-electrons) in RE
magnets.
93. superexchange for insulating compounds with local-
ized moments, which is driven by kinetic energy
gain via the virtual excitations of local spin be-
tween magnetic ions through the bridging nonmag-
netic elements, such as oxygen in TM oxides. The
superexchange can favor both AFM and FM cou-
plings depending on the orbital occupation and the
local geometry, which has been formulated as the
Goodenough-Kanamori-Anderson rules.81
We note that in real materials, more than one type of
exchange coupling should be considered, e.g., the direct
exchange and RKKY exchange for intermetallic com-
pounds, and the competition of direct exchange and su-
perexchange in TM oxides.
Based on the discussions above, the exchange coupling
between atomic moments can be either FM or AFM, de-
pending on the active orbitals, distances, and geometries.
Such AFM/FM exchange couplings induce various possi-
ble magnetic configurations, which give rise to a compli-
cation for HTP screening of magnetic materials. That is,
the total energy difference for the same compounds with
different magnetic states can be significant. This can be
roughly estimated by the Curie temperature (TC), i.e.,
about 0.1 eV corresponding to the TC (1043 K) of bcc
Fe. Thus, magnetic ground state is important not only
for the electron structure but also for the thermodynamic
stability. However, the number of possible AFM config-
urations which should be considered to define the mag-
netic ground state can be big, depending on the crystal
structures and the magnetic ions involved. Therefore,
identifying the magnetic ground state is the most urgent
problem to be solved for predictive HTP screening on
magnetic materials.
There have been several attempts trying to develop a
solution. The most straightforward way is to collect all
possible magnetic configurations from the literature for
a specific class of materials or consider a number of most
probable states, such as done for the half-Heuslers.83
However, it is hard to be exhaustive and more impor-
tantly it is only applicable for one structural prototype.
Horton et al. developed a method to enumerate possible
magnetic configurations followed by HTP evaluation of
the corresponding total energies.84 It is mostly applica-
ble to identify the FM ground state, as the success rate
is about 60% for 64 selected oxides, which might due to
the correlated nature of such materials. Another interest-
ing method is the firefly algorithm, as demonstrated for
NiF2 and Mn3Pt,
85 where the magnetic configurations
are confined within the primitive cell. A systematic way
to tackle the problem is to make use of maximal magnetic
subgroups,82 where the magnetic configurations are gen-
erated in a progressive way taking the propagation vec-
tors as a control parameter. We have implemented the
algorithm and applied it successfully on the binary in-
termetallic compounds with the Cu3Au-type structure.
It is observed that the landscape of convex hull changes
significantly after considering the magnetic ground state,
as shown in Fig. 4 for the binary Mn-Ir systems. That is,
FIG. 4: The binary convex hull for Mn-Ir. Dashed (solid) lines
denotes the convex hull obtained assuming ferromagnetic con-
figurations (with real magnetic ground states obtained via sys-
tematic calculations by maximal magnetic subgroups). The
magnetic ground states for MnIr and Mn3Ir are display on
top of the figure.82Copyright requested
the magnetic ground state matters not only for the elec-
tronic structure but also for the thermodynamic stabil-
ity of magnetic materials, confirming our speculation in
Sect. IV A. Recently, the genetic algorithm has been im-
plemented to generate magnetic configurations and com-
bined with DFT calculations the energies for such con-
figurations can be obtained in order to search for the
magnetic ground state.86 It has been applied successfully
on FeSe, CrI3 monolayers, and UO2, where not only the
collinear but also noncollinear configurations can be gen-
erated, which is also interesting for future exploration.
Furthermore, the interatomic exchange Jij in
Eq. (IV B) can be evaluated based on DFT calculations,
which can then be used to find out the magnetic ground
states via Monte Carlo modelling. There are different
methods on evaluating the Jij . The most straightfor-
ward one is the energy mapping, where the Jij for each
pair of moments are obtained by the difference of total
energies for the FM and AFM configurations.87 Such
a method can be traced back to the broken symmetry
method firstly proposed by Noodleman88 and later
generalized by Yamaguchi,89 where one of the spin state
used in energy mapping is not the eigenstate of the
Heisenberg Hamiltonian (Eq. IV B). In this regard, for
magnetic materials with multiple magnetic sublattices,
the isotropic Jij can be obtained by performing least
square fitting of the DFT total energies of a finite
number of imposed magnetic configurations, e.g., using
four-state mapping method.87,90
Based on a two-site Hubbard model, it is demonstrated
that the energy mapping method is only accurate in the
strong coupling limit, i.e., insulating states with well
defined local moments.91 Additional possible problems
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for such an approach are (a) the supercell can be large
in order to get the long-range interatomic exchange pa-
rameters and (b) the magnitude of local moments might
change for the FM and AFM calculations resulting in
unwanted contribution from the longitudinal excitations.
Thus, this method is most applicable for systems with
well-defined local moments. In this case, the Jij can also
be evaluated based on the perturbation theory, which can
be done with the help of Wannier functions hence there
is no need to generate supercells.92 The artificial longi-
tudinal excitations can also be suppressed by performing
constrained DFT calculations.93
There are two more systematic ways to evaluate the
Jij . One is based on the so-called frozen magnon
method,94 where the total energies for systems with im-
posed spin-waves of various q vectors are calculated and
afterwards a back Fourier transformation is carried out
to parameterize the real space Jij .
95 This method de-
mands the implementation of noncollinear magnetism in
the DFT codes. Another one is based on the magnetic
force theorem,96 where the Jij is formulated as a linear re-
sponse function which can be evaluated at both the DFT
and DFT+DMFT levels.97 It is noted that the effective
spin-spin interaction is actually a second order tensor,98
which yields
1
2
∑
i,j
Si · Jij · Sj = 1
2
∑
i,j
[
1
3
Tr(Jij)Si · Sj + Si(1
2
(Jij + J
t
ij)− Jij)Sj +
1
2
(Jij − Jtij)Si × Sj
]
(9)
where the Heisenberg term in Eq. (IV B) corresponds to
the isotropic exchange 13Tr(Jij), the symmetric trace-
less part Jsymij =
1
2 (Jij + J
t
ij) − Jij is usually referred
as anisotropic exchange, and the antisymmetric part
Jantisymij =
1
2 (Jij − Jtij) represents the Dzyaloshinsky-
Moriya interaction (DMI). It is noted that DMI is the
crucial parameter to form Skyrmions.24 Also, in order to
address complex magnetic orderings, e.g., in 2D magnetic
materials, the full tensor should be evaluated consistently
to construct fully-fledged spin models.
In short, the essential challenges are (a) how to obtain
the magnetic ground states in a HTP manner and (b) how
to evaluate the exchange parameters. As we discussed,
there are a few possible solutions for the former question.
Regarding the latter, as far as we are aware, there has
been no reliable implementation where the exchange pa-
rameters can be evaluated in an automated way, where
either the DFT part of the codes needs careful adap-
tion for materials with diverse crystal structures or only
specific components of the exchange parameters can be
evaluated.99
D. Magnetic fluctuations
The discussions till now have been focusing on the
magnetic properties at zero Kelvin, however, the thermo-
dynamic properties and the magnetic excitations of var-
ious magnetic materials are also fundamental problems
which should be addressed properly based on the micro-
scopic theory. To this goal, the magnetic fluctuations
driven by temperature shall be evaluated, which will de-
stroy the long-range magnetic ordering at TC/TN , result-
ing in a paramagnetic state with fluctuating moments.
The working horse DFT can in principle be generalized
to finite temperature,100 but to the best of our knowl-
edge there is no implementation into the DFT codes on
the market. Specifically for the magnetic excitations, the
ab initio spin dynamics formalism proposed by Antropov
et al.101 is accurate but it is demanding to get imple-
mented, thus it has only been applied to simple systems
such as Fe. In the following, we will focus on (a) the
atomistic spin models, (b) the disordered local moment
approximation, and (c) the DFT+DMFT methods, with
the thermodynamic properties at finite temperature in
mind.
From the physics point of view, there are two types of
excitations, i.e., transversal and longitudinal excitations.
For itinerant magnets, the former refers to the collec-
tive fluctuations of the magnetization directions which
dominates at the low-temperature regime, whereas the
latter is about the spin-flip excitations (i.e., Stoner exci-
tations) leading to the reduction of magnetic moments.
Correspondingly for the localized moments, the occu-
pation probability of the atomic multiplets varies with
respect to temperature, giving rise to the temperature
dependent magnitude of local moments, while the inter-
atomic exchange parameters of the RKKY type will cause
collective transversal spin waves as well.
One of the most essential intrinsic magnetic proper-
ties is the magnetic ordering temperature, i.e., TC (TN )
for FM (AFM) materials. The theoretical evaluation of
the TC/TN usually starts with the Heisenberg model
(Eq. (IV B)) with the Jij parameters obtained from DFT
calculations, as detailed in Sect. IV C. As the spin wave
precession energy is smaller than the band width and
the exchange splitting, it is justified to neglect the pre-
cession of magnetization due to the spin waves when
evaluating the electronic energies, dubbed as the adia-
batic approximation, the critical temperature can be ob-
tained by statistical averaging starting from the Heisen-
berg model. Both mean-field approximation and ran-
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dom phase approximation can be applied, where the for-
mer fails to describe the low-temperature excitations.102
In this way, the longitudinal excitations with compara-
ble energies103 can be treated based on parameterized
models.95,104 Classical Monte Carlo is often used, lead-
ing to finite specific heat at zero Kelvin,105 while quan-
tum Monte Carlo suffers from the sign problem when
long-range exchange parameters with alternative signs
are considered. One solution to this problem is to in-
troduce the quantum thermostat.106 It is noted that
more terms such as external magnetic fields and mag-
netic anisotropy can be included, leading to atomistic
spin dynamics which is valuable to develop a multi-scale
understanding of magnetic properties.107,108
Another fundamental quantity is the Gibbs free en-
ergy which is crucial to elucidate the magneto-structural
phase transitions. In general, the Gibbs free energy can
be formulated as109
G(T, P, em) = H(T, V, em) + PV = E(V, em) + F
electronic(V, T ) + F lattice(V, T ) + Fmagnetic(V, T ) + PV, (10)
where em denotes the magnetization direction, T, P, and
V refer to the temperature, pressure, and volume, re-
spectively. The electronic, lattice, and magnetic contri-
butions to the free energy can be considered as indepen-
dent of each other, because the typical time scale of elec-
tronic, lattice, and magnetic dynamics is about 10−15s,
10−12s, and 10−13s, respectively. This approximation is
not justified anymore for the paramagnetic states where
the spin decoherence time is about 10−14s,110 which will
be discussed in detail below.
To evaluate Fmagnetic, the disordered local moment
(DLM) method111 provides a valuable solution for both
magnetically ordered and disordered (e.g., paramagnetic)
states. The DLM method also adopts the adiabatic ap-
proximation, and it includes two conceptual steps:112 (1)
the evolution of the local moment orientations and (2)
the electronic structure corresponding to each specific
configuration. A huge number of orientational config-
urations are required in order to accurately evaluate the
partition function and hence the thermodynamic poten-
tial, which can be conveniently realized using the multiple
scattering theory formalism based on the Green’s func-
tions, namely the KKR method.113,114 The recent gen-
eralization115 into the relativistic limit enables accurate
evaluation of the temperature-dependent MAE for both
TM-based115 and 4f -3d magnets,116 and also the mag-
netic free energies with even frustrated magnetic struc-
tures.112 Nevertheless, the codes with the KKR method
implemented requires sophisticated tuning for complex
crystalline geometries and the evaluation of forces is not
straightforward.
The DLM method can also be performed using su-
percells by generating magnetic configurations like spe-
cial quasi-random structures (SQS), which is invented to
model the chemical disorder.117,118 It has been applied to
simulate the paramagnetic states with supercells of equal
number of up and down moments, particularly to eval-
uate the lattice dynamics as the forces can be obtained
in a straightforward way. Moreover, configurational av-
eraging should be done in order to model local defects,
which can be achieved by generating a number of su-
percells with randomly distributed moments which sum
up to zero.118 Spin-space averaging can be performed on
top to interpolate between the magnetically ordered and
the paramagnetic states, as done for bcc Fe.119 In this
way, the spin-lattice dynamics can be performed to ob-
tain the thermodynamic properties for the paramagnetic
states,120 which cannot be decoupled as discussed above.
It is noted that usually the spin-lattice dynamics is per-
formed based on model parameters,121 where the instan-
taneous electronic response is not considered. The DLM
method with supercell has also been recently combined
with the atomistic spin dynamics with in general non-
collinear spin configurations.122 It is noted that the local
moments should be very robust in order to perform such
calculations, otherwise significant contribution from lon-
gitudinal fluctuations might cause trouble.
Another promising method to address all the issues dis-
cussed above is the DFT+DMFT methods. The DMFT
method works by mapping the lattice Hubbard model
onto the single-site Anderson impurity model, where
the crystalline environment acts on the impurity via
the hybridization function.72 Continuous time quantum
Monte Carlo has been considered to be the state-of-the-
art impurity solver.123 Very recently, both the total en-
ergies124 and forces125 can be evaluated accurately by
performing charge self-consistent DFT+DMFT calcula-
tions, with a great potential addressing the paramagnetic
states. Nevertheless, the local Coulomb parameters are
still approximated, though there is a possibility to eval-
uate such quantities based on constrained RPA calcula-
tions.126 One additional problem is that the mostly ap-
plied single-site DFT+DMFT does not consider the in-
tersite magnetic exchange, which will overestimate the
magnetic critical temperature. We suspect that maybe
atomistic modelling of the long wavelength spin waves
will cure the problem, instead of using expensive cluster
DMFT.
Overall, the key challenge to obtain the thermody-
namic properties of magnetic materials is the accurate
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evaluation of the total Gibbs free energy including longi-
tudinal and transversal fluctuations, together with cou-
pling to the lattice degree of freedom. DFT+DMFT is
again a decent solution despite known constraints as dis-
cussed above, but there is no proper implementation yet
ready for HTP calculations.
E. Magnetic anisotropy and permanent magnets
1. Origin of magnetocrystalline anisotropy
As another essential intrinsic magnetic property, MAE
can be mostly attributed to the SOC,127 which couples
the spontaneous magnetization direction to the under-
lying crystal structure, i.e., breaks the continuous sym-
metry of magnetization by developing anisotropic energy
surfaces.128 Like spin, SOC is originated from the rel-
ativistic effects,129 which can be formulated as (in the
Pauli two-component formalism):
HSOC = − ∇V
2m2c2
s · l = ξs · l, (11)
where ∇V marks the derivative of a scalar electrostatic
potential, m the mass of electrons, c the speed of light,
s (l) the spin (orbital) angular momentum operator. ξ
indicates the magnitude of SOC, which is defined for
each l-shell of an atom, except that for the s-orbitals
where l = 0 leading to zero SOC. The strength of atomic
SOC can be estimated by ξ ≈ 25 (d5/2 − d3/2) for the
d-orbitals and ξ ≈ 27 (d7/2 − d5/2) for the f -orbitals, re-
spectively.130 This leads to the average magnitude of ξ
for the 3d-orbitals of 3d TM atoms is about 60 meV (e.g,
from 10 meV (Sc) to 110 meV (Cu)131), while that of the
4f -orbitals for lanthanide elements can be as large as 0.4
eV. Therefore, the larger the atomic number is, the larger
the magnitude of ξ, e.g., enhanced SOC in 4d- and 5d-
elements induces many fascinating phenomena.132 The
electrostatic potential V can be modulated significantly
at the surfaces or interfaces, leading to the Rashba effect
which is interesting for spintronics.133
Conceptually, the MAE can be understood in such a
way that SOC tries to recover the orbital moment which
is quenched in solids, i.e., it is attributed to the interplay
of exchange splitting, crystal fields, and SOC.134 Based
on the perturbation theory, the MAE driven by SOC can
be expressed as:135
MAE = −1
4
ξem · [δ 〈l↓〉 − δ 〈l↑〉]︸ ︷︷ ︸
orbital moment
+
ξ2
∆Eex
[10.5em · δ 〈T〉+ 2δ 〈(lζsζ)2〉]︸ ︷︷ ︸
spin flip
,
(12)
where em stands for the unit vector along the magnetiza-
tion direction. T = em−3 #»r ( #»r ·em) ≈ − 27Q ·em denotes
the anisotropic spin distribution, with #»r indicating the
position unit vector, Q = l2 − 13 l2 indicates the charge
quadrupole moment. It is noted that the spin-flip con-
tribution is of higher order with respect to ξ, which is
significant for compounds with significant SOC. On the
other hand, for the orbital momentum term, it will be re-
duced to MAE = − 14ξem · δ 〈l↓〉 for strong magnets with
the majority channel fully occupied,136 suggesting that
the magnetization prefers to be aligned along the direc-
tion where the orbital moment is of larger magnitude.
Following the perturbation theory, the MAE can be
enhanced by engineering the local symmetry of the mag-
netic ions. It is well understood that the orbital moments
are originated from the degeneracy of the atomic orbitals
which are coupled by SOC.135 Therefore, when the crys-
tal fields on the magnetic ions lead to the degeneracy
within the {dxy, dx2+y2} or {dyz, dxz} orbitals, the MAE
can be significantly enhanced, depending also on the or-
bital occupations. This suggests, local crystalline envi-
ronments of the linear, trigonal, trigonal bipyramid, pen-
tagonal bipyramid, and tricapped trigonal prism types
are ideal to host a possible large MAE, because the re-
sulting degeneracy in both {dxy, dx2+y2} and {dyz, dxz}
orbital pairs.137 For instance, Fe atoms in Li2Li1−xFexN
located on linear chains behave like RE elements with gi-
ant anisotropy,138 and Fe monolayers on InN substrates
exhibit a giant MAE as large as 54 meV/u.c. due to the
underlying trigonal symmetry.139 This leads to an effec-
tive way to tailor the MAE by adjusting the local crys-
talline geometries, as demonstrated recently for magnetic
molecules.140
Technically, MAE is evaluated as the difference of total
energies between two different magnetization directions
(e1m and e
2
m):
MAE = Ee1m − Ee2m
≈
occ.∑
k,i=1
εi(k, e
1
m)−
occ.∑
k,i=1
εi(k, e
2
m)
(13)
In general, MAE is a small quantity with a typical mag-
nitude between µeV and meV, as a difference of two
numbers which are orders of magnitude larger. In this
regard, it is very sensitive to the numerical details such
as exchange-correlation functionals, k-point convergence,
implementation of SOC, and so on, leading to expensive
full relativistic calculations particularly for compounds
with more than 10 atoms per unit cell. To get a good
estimation, force theorem is widely used (second line of
Eq. (IV E 1)), where MAE is approximated as the differ-
ence of the sum of DFT energies for occupied states ob-
tained by one-step SOC calculations.141 We want to em-
phasize that the k-point integration over the irreducible
part of the Brillouin zone defined by the Shubnikov group
of the system is usually required, suggesting (a) symme-
try should be applied with caution, i.e., the actual sym-
metry depends on the magnetization direction and (b)
there is no hot zone with dominant contribution.142 In
this regard, the recently developed Wannier interpola-
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tion technique may provide a promising solution to the
numerical problem.143,144
2. Permanent magnets: Rare-earth or not?
From the materials point of view, there are two classes
of widely used permanent magnets, namely, the TM-
based ferrite and AlNiCo, and the high performance RE-
based Nd2Fe14B and SmCo5. One crucial factor to dis-
tinguish such two classes of materials is whether the RE
elements are included, which causes significant MAE due
to the competition of enhanced SOC and reduced band
width for the 4f -orbitals.131 Hereafter these two classes
of permanent magnets will be referred as RE-free and 4f -
3d magnets. Given the fact that the research on these
four systems is relatively mature, the current main in-
terest is to identify the so-called gap magnets,145 i.e.,
material systems with performances lying between these
two classes of permanent magnets.
Since MAE is originated from SOC, it is an inert
atomic property, i.e., its strength cannot be easily tuned
by applying external forces which are negligible compar-
ing to the gradient of the electrostatic potential around
the nuclei. In addition, the exchange splitting is mostly
determined by the Coulomb interaction.69 Thus, the
knob to tailor MAE is the hybridization of the atomic
wave functions with those of the neighboring atoms,
which can be wrapped up as crystal fields. On the
one hand, for the 4f -3d magnets, the MAE is mainly
originated from the non-spherical distribution of the 4f -
electrons,146 which can be expressed based on the local
crystal fields on the 4f -ions.147 On the other hand, for
TM-based magnetic materials, the orbital degree of free-
dom can be engineered to enhance the MAE by manip-
ulating the crystal fields via fine tuning the crystalline
symmetries, as discussed above following the perturba-
tion theory. For instance, the MAE of Co atoms can be
enhanced by three orders of magnitude, from 0.001 meV
in fcc Co to 0.06 meV/atom in hcp Co driven by the re-
duction of crystalline symmetry,148 and further to about
60 meV for Co adatoms on MgO149 or Co dimers on Ben-
zene attributed to the energy levels strongly affected by
the crystal fields.150 Such a concept can also be applied
to improve the MAE of bulk magnetic materials, such
as in Li2Li1−xFexN138 and FeCo alloys,151 where the d-
orbitals strongly coupled by SOC (such as dxy and dx2−y2
orbitals) are adjusted to be degenerate and half-occupied
by modifying the local crystalline geometry and doping.
For the RE-free magnets, the theoretical upper limit152
of MAE as high as 3.6 MJ/m3. That is, there is a strong
hope that RE-free materials can beengineered for high
performance permanent magnets. There have also been
a number of compounds investigated following this line,
focusing on the Mn-, Fe-, and Co-based compounds.153
The Mn-based systems are particularly interesting, as
Mn has the largest atomic moments of 5 µB which will
be reduced in solid materials due to the hybridization.
However, the interatomic exchange between Mn moments
has a strong dependence on the interatomic distance,
e.g., the Mn moments tend to couple antiferromagnet-
ically (ferromagnetically) if the distance is about 2.5-2.8
A˚(>2.9A˚).29 Nevertheless, there are a few systems such
as MnAl154, MnBi155, and Mn-Ga156 showing promising
magnetic properties to be optimized for permanent mag-
net applications. On the other hand, for the Fe-based
systems, FePt157 and FeNi158 have been extensively in-
vestigated. One key problem for these two compounds is
that there exists strong chemical disorder with depends
on the processing. For instance, the order-disorder tran-
sition temperature for FeNi is about 593 K, which de-
mands extra long time of annealing to reach the ordered
phase with strong anisotropy.159
Given that the Ms and MAE can be obtained in a
straightforward way for most TM-based magnetic ma-
terials, the main strategy for searching novel RE-free
permanent magnets is to screen over a number of pos-
sible chemical compositions and crystal structures. One
particularly interesting direction is to characterize the
metastable phases, such as Fe16N2
160,161 and MnAl.49
Such phases can be obtained via non-equilibrium synthe-
sis, such as MBE, melt spinning and mechanical alloying.
In this sense, the permanent magnets of thin films is an
oxymoron, i.e., they can provide valuable information
about how to engineer the intrinsic properties but it is
challenging to obtain bulk magnets. It is also noted that
pure DFT might not be enough to account for the mag-
netism in tricky cases due to the missing spin fluctuations
as demonstrated in (FeCo)2B.
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For the 4f -3d compounds, it is fair to say that there
is still no consistent quantitative theory at the DFT
level to evaluate their intrinsic properties, though both
SmCo5 and Nd2Fe14B were discovered decades ago. The
most salient feature common to the 4f -3d magnetic com-
pounds is the energy hierarchy, driven by the coupling
between RE-4f and TM-3d sublattices.163 First of all,
the TC is ensured by the strong TM-TM exchange cou-
pling. Furthermore, the MAE is originated from the in-
terplay of RE and TM sublattices. For instance, the Y-
based compounds usually exhibit significant MAE, such
as YCo5,164 whereas for the RE atoms with nonzero 4f
moments, the MAE is significantly enhanced due to non-
spherical nature of the RE-4f charges146 caused by the
crystal fields.147 Lastly, the exchange coupling between
RE-4f and TM-3d moments is activated via the RE-5d
orbitals, which enhances the MAE by entangling the RE
and TM sublattices. The intra-atomic 4f -5d coupling on
the RE sites is strongly ferromagnetic, while the inter-
atomic 3d-5d between TM and RE atoms is AFM. This
leads to the AFM coupling between the spin moments of
the TM-3d and RE-4f moments, as observed in most 4f -
3d magnets.165 In this regard, light RE elements are more
preferred166 as permanent magnets, because the orbital
moments of heavy RE elements will reduce the magneti-
zation as they are parallel to the spin moments following
the third Hund’s rule.
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FIG. 5: Homologous structures of Sm-Co intermetallic compounds. (a) SmCo5 (CaCu5-type), (b) SmCo12 (ThMn12-type), (c)
Sm2Co17 (Th2Ni17-type, 2:17H), (d) Sm2Co17 (Th2Zn17-type, 2:17R), (e) Sm2Co7 (Ce2Ni7-type), (f) SmCo4B (CeCo4B-type),
(g) SmCo3B2 (Co3GdB2-type), and (h) SmCo2 (MgZn2-type, C14 Laves). (a-d) are the members of the series REm−nTM5m+2n
(n/m¡1/2), with (m, n) = (1, 0), (2, 1), hexagonal-(3, 1), and rhombohedra-(3, 1), respectively. (a) and (e) are the members
of the series REn+2TM5n+4 with n = ∞ and 2, respectively. (a), (f), and (g) are the members of the series REn+1TM3n+5B2n
with n = 0, 1, and ∞, respectively.
The multiple sublattice couplings have been utilized
to construct atomistic spin models to understand the fi-
nite temperature magnetism of 4f-3d materials, such as
RECo5
167 and recently Nd2Fe14B.
168 Such models are
ideally predictive, if the parameters are obtained from
accurate electronic structure calculations based on DFT.
One typical problem of such phenomenological modelling
is the ill-description of the temperature dependency of
the physical properties, e.g., the magnitude of moments
is assumed to be temperature independent.116 This is-
sue cannot be solved using the standard DFT which is
valid at 0 K. For instance, both the longitudinal and
transversal fluctuations are missing in conventional DFT
calculations. Additionally, for the 4f -3d magnets, the
MAE and the inter-sublattice exchange energy are of the
same order of magnitude, thus the experimental mea-
surement along the hard axis does not correspond to a
simplified (anti-)parallel configuration of 4f and 3d mo-
ments.163 This renders the traditional way of evaluating
the MAE by total energy differences not applicable.169.
Another challenging problem is how to treat the
strongly correlated 4f -electrons. Taking SmCo5 as an
example, there is clear experimental evidence that the
ground state multiplet J=5/2 is mixed with the excited
multiplets J=7/2 and J=9/2, leading to strong temper-
ature dependence of both spin and orbital moments of
Sm.170 The problem arises how to perform DFT calcula-
tions with several multiplets, which requires more than
one Slater determinants. Furthermore, Ce is an abundant
element which is preferred for developing novel RE-lean
permanent magnets. The 4f electrons in trivalent Ce
can be localized or delocalized, leading to the mixed va-
lence state, as represented by the abnormal properties of
CeCo5.
171. Such features have been confirmed by the X-
ray magnetic circular dichroism (XMCD) measurements
in a series of Ce-based compounds.172
Therefore, the strongly correlated nature of 4f -
electrons calls for a theoretical framework which is be-
yond the standard DFT, where a consistent theoretical
framework being able to treat the correlated 4f-electrons
with SOC and spin fluctuations consistently is required.
Most previous DFT calculations173,174 treated the 4f -
electrons using the open-core approximation which does
not allow the hybridization of 4f -shell with the valence
bands. Moreover, the spin moment of RE elements are
usually considered as parallel to that of the TM atoms.175
It is worthy mentioning that Patrick and Staunton pro-
posed a relativistic DFT method based on the disor-
dered local moment approximation to deal with finite
temperature magnetism where the self-interaction correc-
tion (SIC) is used for the 4f -electrons.116 It is observed
that the resulting total moment (7.13 µB) of SmCo5 is
significantly underestimated compared to the experimen-
tal value of about 12 µB .
170 In this regard, such methods
such as SIC and DFT+U76 based on a single Slater deter-
minant may not be sufficient to capture all the features
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of the correlated 4f -shells, e.g., additional non-spherical
correction is needed to get the the correct orbital mo-
ments.176
It is believed that an approach based on multicon-
figurational wave functions including SOC and accurate
hybridization is needed, in order to treat many close-
lying electronic states for correlated open shells (i.e. d-
and f -shells) driven by the interplay of SOC, Coulomb
interaction, and crystal fields with comparative magni-
tude. From the quantum chemistry point of view, the
full configurational interaction method is exact but can
only be applied on cases with small basis sets. The
complete active space self-consistent field method based
on optimally chosen effective states is promising, where
a multiconfigurational approach can be further devel-
oped with SOC explicitly considered.177 Such methods
have been successfully applied on the evaluation of MAE
for magnetic molecules,178 and recently extended to the
four-component relativistic regime.179 A similar method
based on exact diagonalization with optimized bath func-
tions has been developed as a potential impurity solver
for DMFT calculations.180 Thus, with the hybridization
accounted for at the DFT level, such impurity solvers
based on the multiconfigurational methods will make
DFT+DMFT with full charge self-consistency a valu-
able solution to develop a thorough understanding of the
magnetism in 4f -3d intermetallic compounds. Whereas
previous DFT+DMFT calculations on GdCo5
181 and
YCo5
182 have been performed using primitive analyti-
cal impurity solvers. It is noted that SOC is off-diagonal
for the Anderson impurities with real spherical harmon-
ics as the basis, leading to possible severe sign problem
when the quantum Monte Carlo methods are used as the
impurity solver. For such cases, either the hybridiza-
tion function is diagonalized to obtain an effective ba-
sis such as demonstrated for iridates in the 5d5 J=1/2
states183,184, or the variational cluster approach can be
applied.185,186 A recently developed bonding-antibonding
basis offers also a possible general solution to perform
DFT+DMFT on such materials with strong SOC.187
From the materials point of view, compounds includ-
ing Fe or Co with crystal structures derived from the
CaCu5-type are particularly important. It is noted that
Nd2Fe14B has also a structure related to the CaCu5-
type, but its maximal permanent magnet performance
has been reached to the theoretical limit, leaving not
much space to improve further.188 Interestingly, as shown
in Fig. 5, various crystal structures can be derived from
the CaCu5-type structure. Taking Sm-Co as an exam-
ple, a homologous series REm−nTM5m+2n can be ob-
tained, where n out of m Sm atoms are substituted by
the dumbbells of Co-Co pairs. For instance, the ThMn12-
type structure (Fig. 5b) corresponds to (m=2, n=1),
i.e., one Sm out of two is replaced by a Co-Co pair.
For Sm2Co17 (m=3, n=1), both the hexagonal Th2Ni17-
type (2:17H) (Fig. 5c) and rhombohedra Th2Zn17-type
(2:17R) (Fig. 5d) structures can be obtained depending
on the stacking of Co dumbbells. Another homologous
series REn+2TM5n+4 can be obtained by intermixing the
SmCo2 (MgZn2-type) (Fig. 5h) and the SmCo5 phases,
leading to Sm2Co7 (Fig. 5e) with n=2. Lastly, by substi-
tuting B for preferentially Co on the 2c-sites, yet another
homologous series REn+1TM3n+5B2n can be obtained,
leading to SmCo4B (n=1, Fig. 5f), and SmCo3B2 (n=∞,
Fig. 5g). For all the derived structures, the Kagome lay-
ers formed by the Co atoms on the 3g sites of SmCo5 are
slightly distorted, while the changes occur mostly in the
SmCo2 layers due to large chemical pressure.
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Such a plenty of phases offer an arena to understand
the structure-property relationship and to help us to de-
sign new materials, particularly the mechanical under-
standing based on the local atomic structures. For in-
stance, Sm2Co17 has uniaxial anisotropy while all the
other early RE-Co 2:17 compounds show a planar be-
haviour.190 This is caused by the competition between
the positive contribution from the 2c-derived Co and the
negative contribution from the dumbbell Co pairs.190 As
a matter of fact, the 2c-Co atoms in the original CaCu5-
type structure have both enhanced spin and orbital mo-
ments.191 Thus, insight on the structure-property rela-
tionship at the atomic level with defined driving forces
from the electronic structure will be valuable to engineer
new permanent materials.
One particularly interesting class of compounds which
has drawn intensive attention recently is the Fe-
rich metastable materials with the ThMn12-type struc-
ture.188 There have been many compounds REFe11X or
REFe10X2 stabilized by substituting a third element such
as Ti and V192. Moreover, motivated by the successful
preparation of NdFe12
193 and SmFe12
194 thin films with
outstanding permanent magnet properties, there have
been many follow-up experimental and theoretical inves-
tigations188. The key problem though is to obtain bulk
samples with large coercive field, instead of thin films
fabricated under non-equilibrium conditions. In order to
guide experimental exploration, detailed thermodynamic
optimization of the multicomponent phase diagram is
needed, where the relative formation energies in most
previous DFT calculations are of minor help, e.g., the
prediction of NdFe11Co
195 is disproved by detailed ex-
periments.196 Another challenge for the metastable Fe-
rich compounds is that the TC is moderate. This can
be cured by partially substituting Co for Fe. Addition-
ally, interstitial doping with H, C, B, and N can also
be helpful, e.g., Sm2Fe17N2.1 has a TC as high as 743
K, increased by 91% compared to pristine Sm2Fe17.
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Interestingly, the MAE for Co-rich ThMn12-type com-
pounds shows an interesting behaviour. For instance,
for both RECo11Ti and RECo10Mo2, almost all com-
pounds have uniaxial anisotropy, except that Sm-based
compounds show a basal-plane MAE.198 This echoes that
only Sm2Co17 has a uniaxial anisotropy.
190 This can be
easily understood based on the crystal structure as shown
in Fig. 5(b&d), where the uniaxial c-axis of the ThMn12-
type is parallel to the Kagome plane of 3g-Co atoms, but
perpendicular in the case of 2:17 types. That is, from the
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MAE point of view, the 1:12 structure conjugates with
the 2:17 structures. Thus, we suspect that substitutional
and interstitial doping can be utilized extensively to en-
gineer MAE of the 2:17 and 1:12 compounds.
Overall, although the MAE is numerically expensive
to evaluate, it is a straightforward task to perform calcu-
lations with SOC considered which has been reliably im-
plemented in many DFT codes. The key issue to perform
HTP screening of permanent magnets is to properly ac-
count for the magnetism such as the spin fluctuations in
RE-free and strongly correlated 4f electrons in RE-based
materials. In addition, a systematic investigation of the
intermetallic structure maps and the tunability of crystal
structures via interstitial and substitutional doping will
be valuable to design potential compounds. Cautions are
deserved particularly when trying to evaluate the MAE
for doped cases where the supercells might impose un-
wanted symmetry on the MAE, and also that the FM
ground state should be confirmed before evaluating the
MAE.
F. Magneto-structural transitions
In general, the functionalities of ferroic materials are
mostly driven by the interplay of different ferroic or-
ders such as ferroelasticity, ferromagnetism, and ferro-
electricity, which are coupled to the external mechanical,
magnetic, and electrical stimuli.200 Correspondingly, the
caloric effect can be induced by the thermal response as
a function of generalized displacements such as magne-
tization, electric polarization, strain (volume), driven by
the conjugate generalized forces such as magnetic field,
electric fields, and stress (pressure), leading to magne-
tocaloric, electrocaloric, and elastocaloric (barocaloric)
effects.201 In order to obtain optimized response, such
materials are typically tuned to approach/cross a FOPT.
Therefore, it is critical to understand the dynamics of
FOPT in functional ferroic materials. Most FOPTs occur
without long-range atomic diffusion, i.e., of the marten-
sitic type, leading to intriguing and complex kinetics. For
instance, such solid-solid structural transitions are typi-
cally athermal, i.e., occurring not at thermal equilibrium,
due to the high energy barriers and the existence of as-
sociated metastable states. This leads to the broaden-
ing of the otherwise sharpness of FOPTs with respect to
the driving parameters and hence hysteresis.33 Therefore,
mechanistic understanding of such thermal hysteresis en-
tails accurate evaluation of the thermodynamic proper-
ties, where successful control can reduce the energy loss
during the cycling.202
Two kinds of fascinating properties upon such FOPTs
in ferroic functional materials are the shape memory203
and caloric effects,201 e.g., MSME and MCE in the con-
text of magnetic materials. Note that MCE can be in-
duced in three different ways, namely, the ordering of
magnetic moments (second order phase transition),204
the magneto-structural phase transition,205 or the rota-
tion of magnetization,206 all driven by applying the ex-
ternal magnetic fields. Taking Gd207 with second-order
phase transition as an example, under adiabatic condi-
tions (i.e., no thermal exchange between the samples and
the environment) where the total entropy is conserved,
applying (removing) the external magnetic fields leads
to a reduction (increase) in the magnetic entropy, as
the magnetic moments get more ordered (disordered),
leading to increased (decreased) temperature. That is,
the temperature change is mostly due to the entropy
change associated with the ordering/disorder of the mag-
netic moments. In contrast, for materials where MCE is
driven by the magneto-structural transitions of the first-
order nature, additional enthalpy difference between two
phases before and after the transition should be consid-
ered, although the total Gibbs free energy is continuous
at the transition point. In this case, the resulting con-
tribution to the entropy change comprise the lattice and
magnetic parts, which can be cooperative or competitive.
A prototype system is the Heusler Ni-Mn-Sn alloys with
the inverse magnetocaloric effect.208
Therefore, to get enhanced magnetocaloric perfor-
mance which is best achieved in the vicinity of the
phase transitions, the ideal candidates should display
(1) large change of the magnetization ∆M , trigged by
low magnetic field strengths. This makes such materi-
als also promising to harvest waste heat based on the
thermomagnetic effect,209 (2) tunable transition temper-
ature (e.g., via composition) for the first-order magneto-
structural transitions, because the transition is sharp so
that a wide working temperature range can be achieved
by successive compositions, and (3) good thermal con-
ductivity to enable efficient heat exchange.
To search for potential candidates with significant
MCE, it is critical to develop mechanistic understand-
ing of the existing cases. For instance, Ni2MnGa is the
only Heusler compounds with the stoichiometric compo-
sition that undergoes a martensitic transition at 200K
between the L21 austenite and DO22 martensitic phases
(cf. Fig. 10), which can be optimized as magnetocaloric
materials. DFT calculations show that the martensitic
transition can be attributed to the band Jahn-Teller ef-
fect,210 which is confirmed by neutron211 and photoemis-
sion measurements.211,212 Detailed investigation to un-
derstand the concomitant magnetic field induced strain
as large as 10%211 reveals that there exists a premarten-
sitic phase between 200K and 260K211 and that both
the martensitic and premartensitic phases have modu-
lated structures. It is still under intensive debate about
the ground state structure and its origin. Kaufman et
al. introduced the adaptive martensitic model, arguing
that the ground state is the L10 type tetragonal phase
which develops into modulated structures via nanotwin-
ning.213,214 On the other hand, Singh et al. argued based
on the synchrotron x-ray measurements that the 7M-
like incommensurate phase is the ground state, which
is caused by the phonon softening.215
To shed light on the nature of the magneto-structural
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FIG. 6: Phase diagram of Ni-Mn-X.199 Copyright requested.
coupling, the Gibbs free energy G(T, V ;P ) (Eq. (IV D))
as a function of temperature and volume (T, V ) for dif-
ferent phases P . According to Eq. IV D, the electronic
contribution to F ele. can be easily obtained using the
methods as detailed in Ref. 216. To evaluate the vibra-
tional term F lat., the quasi harmonic approximation can
be applied,217 which has been implemented as a standard
routine in the Phonopy code.218 It is noted that the har-
monic approximation is only valid to get the local min-
ima on the potential energy surface, whereas proper con-
sideration on the transition paths and kinetics requires
accurate evaluation of the anharmonic effects.219 How-
ever, when the spin-phonon interaction becomes signifi-
cant as in the paramagnetic states, it is still a challenging
task to evaluate the phonon spectra and hence the lat-
tice free energies. The spin space average technique has
been developed and applied for bcc Fe119 and we be-
lieve the recent implementation in the DMFT regime is
very promising.125 For the magnetic free energy Fmag.,
the classical Monte Carlo simulations, as usually done
based on the Heisenberg model (Eq. (IV B)) with DFT
derived exchange coupling Jij to obtain the Curie tem-
perature, are not enough, as the specific heat at 0K stays
finite instead of the expected zero, due to the contin-
uous symmetry of spin rotations. Additionally, quan-
tum Monte Carlo suffers from the sign problem as Jij
is long range and changes its sign with respect to the
distance. One solution is to rescale the classical Monte
Carlo results, as done for bcc Fe.105 An alternative is to
map the free energy based on the fitted temperature de-
pendence of the magnetization.220 This has been applied
successfully to get the martensitic transition temperature
and the stability of premartensitic phases in Ni-Mn-Ga
system.221 The recently developed spin dynamics with
quantum thermostat106, the Wang-Landau technique to
sample the thermodynamic density of states in the phase
space directly222, and the atomistic spin-lattice dynam-
ics are interesting to explore in the future.223 Last but
not least, magnetic materials with noncollinear magnetic
ordering and thus vanishing net magnetization can also
be used for caloric effects such as barocaloric224 and elas-
tocaloric225 effects, it is essential to evaluate the free en-
ergy properly which has been investigated recently.112
The magnetocaloric performance of stoichiometric
Ni2MnGa is not significant, as the martensitic transi-
tion occurs between the FM L21 and modulated marten-
sitic phase. As shown in Fig. 6(a), excess Ni will bring
the martensitic phase transition temperature and TC to-
gether, and hence enhance the magnetocaloric perfor-
mance.226 Interestingly, such a phase diagram can be
applied to interpolate the transitions in several Ni-Mn-
X (X = Ga, In, Sn, Sb) alloys, where the dependence
with respect to the valence electron concentration can be
formulated (Fig. 6(b)). The valence electron concentra-
tion accounts the weighted number of the s/p/d electrons,
which can be tuned by excess Mn atoms. For instance,
the martensitic transition temperature for the Ni-Mn-X
alloys interpolates between the stoichiometric Ni2MnX
and the AFM NiMn alloys. In such cases, the marten-
sitic transition occurs usually between the FM L21 and
the paramagnetic L10 phases, leading to the metamag-
netic transitions and hence giant magnetocaloric perfor-
mances.205,208 The magnetocaloric performance can be
further enhanced by Co doping,227–229 which enhances
the magnetization of the austenite phase. However, Co-
doping modifies the martensitic transition temperature
significantly, leading to a parasitic dilemma.230
From the materials point of view, there are many
other classes of materials displaying significant magne-
tocaloric performance beyond the well-known Heusler
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FIG. 7: Library of MCE materials231 Copyright requested.
compounds, as summarized in Fig. 7.231 Three of them,
e.g., Gd alloys,232 La-Fe-Si,233,234 and MnFe(Si,P)235
have been integrated into devices, where La(FeSi)13 is
considered as the most promising compounds for applica-
tions, driven by the first-order metamagnetic phase tran-
sition at TC .
236 For such materials, research has been
focusing on the fine tuning of the magnetocaloric per-
formance by chemical doping. As discussed above, the
key problem to overcome when optimizing and design-
ing MCE materials is to reduce the hysteresis in order to
minimize the energy losses,237 this is a challenging task
for HTP design where the Gibbs free energies for both the
end phases and the intermediate phases are needed in or-
der to have a complete thermodynamic description of the
phase transition. In this regard, a particularly promis-
ing idea is to make use of the hysteresis rather than to
avoid it, which can be achieved in the multicaloric regime
engaging multiple stimuli. This has been demonstrated
recently in Ni-Mn-In system238 combining magnetic fields
and uniaxial strains.
Therefore, designing novel MCE materials entails joint
theoretical and experimental endeavour. HTP calcu-
lations can be applied to firstly search for compounds
with polymorphs linked by group-subgroup relationships,
and then to evaluate the Gibbs free energy for the
most promising candidates. Nevertheless, for such ma-
terials with first-order magneto-structural transitions,
hysteresis typically arises as a consequence of nucle-
ation, in caloric materials it occurs primarily due to
the domain-wall pinning, which is the net result of
long-range elastic strain associated with phase transi-
tions Thus, experimental optimization on the microstruc-
tures239 (Sect. VI A) is unavoidable in order to obtain a
practical material ready for technical applications.
G. Spintronics
Till now we have been focusing on the physical
properties of the equilibrium states, whereas the non-
equilibrium transport properties of magnetic materials
leads to many interesting properties, where spintronics is
one class of the most interesting phenomena. In contrast
to the conventional electronic devices, the spin degree of
freedom of electrons has been explored to engineer more
energy efficient devices.35 The first generation of spin-
tronic applications are mostly based on the FM materi-
als, initiated by the discovery of giant magnetoresistance
(GMR) in magnetic multilayers in 1988,240,241 e.g., with
the MR ratio as large as 85% between parallel and an-
tiparallel configurations of Fe layers separated by the Cr
layers in-between. The underlying mechanism of GMR
can be understood based on the two-current model,242
where spin-polarized currents play a deterministic role.
Two important follow-up development of GMR are the
tunnelling magnetoresistance (TMR)243 and spin trans-
fer torque (STT).244,245 The TMR effect is achieved in
multilayers where the ferromagnetic metals are separated
by large gap insulators such as MgO, and the MR ratio
can be as large as 600% in CoFeB/MgO/CoFeB by im-
proving the surface atomic morphology.246 In the case of
STT, by driving electric currents through the reference
layer, finite torque can be exerted on the freestanding
layers and hence switch their magnetization directions.
This enables also engineering spin transfer oscillator,247
racetrack memory,248 and nonvolatile RAM.249
The second generation of spintronics comprise phe-
nomena driven by SOC, dubbed spin-orbitronics, which
came around 2000.36 For ferromagnetic materials,
SOC gives rise to the anisotropic magnetoresistance
(AMR)250, where the resistivity depends on the mag-
netization direction, in analog to GMR but without the
necessity to form multilayers. The most essential advan-
tage of spin-orbitronics is to work with spin current (i.e.,
a flow of spin angular momentum ideally without con-
comitant charge current), instead of the spin polarized
current.251 Correspondingly, the central subjects of spin-
orbitronics are the generation, manipulation, and detec-
tion of spin current. Note that after considering SOC,
spin is not any more a good quantum number, thus it
is still an open question how to define the spin current
properly.252
Two most important phenomena for spin-orbitronics
are the spin Hall effect (SHE)291 and spin-orbit torque
(SOT).292 SHE deals with the spin-charge conversion,
where transversal spin current can be generated by a lon-
gitudinal charge current. It has been observed in param-
agnetic metals such as Ta293 and Pt,294 FM metals like
FePt,295 AFM metals including MnPt,296 Mn80Ir20,
297
and Mn3Sn,
298 semiconductors such as GaAs,299 and
topological materials such as Bi2Se3
300 and TaAs.301 It
is noted that the reciprocal effect, i.e., the inverse SHE
(iSHE), can be applied to detect the spin current by mea-
suring the resulting charge current.
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TABLE II: Selected systems implementing spin-orbitronics and AFM spintronics. Copyright requested for the figures.
spin transport spin-orbit torque spin pumping
spin current253 SOT in NM|FM bilayers254 spin pumping in FM|NM bilayers255
FM metal review256 Pt|Co257,258 NiFe|Pt255,259,260
Ta|CoFeB258,261 NiFe|GaAs262 (metal|semiconductor)
SrIrO3|NiFe263 (oxides) NiFe|YIG264 (metal|insulator)
WTe2|NiFe265 (out-of-plane)
NiMnSb266 (bulk)
FM insulator YIG267 GaMnAs|Fe268 GaMnAs|GaAs269
GaMnAs270 (bulk) YIG|Pt253,271
AFM metal IrMn|CoFeB272 NiFe|IrMn273
IrMn|NiFe274
MnPt|Co/Ni275,276
Mn3Ir|NiFe277
CuMnAs278 (bulk)
Mn2Au
279,280 (bulk)
AFM insulator Cr2O3
281 Pt|NiO282–284 YIG|NiO285,286
Fe2O3
287 Pt|TmIG288 YIG|CoO289
Bi2Se3|NiO|NiFe290
SOT reflects with the interaction of magnetization
dynamics and the spin current, leading to magnetiza-
tion switching and spin-orbit pumping. Following the
Landau-Lifshitz-Gilbert (LLG) equation,292
dem
dt
= −γem ×B︸ ︷︷ ︸
precession
+αem × dem
dt︸ ︷︷ ︸
relaxation
+
γ
Ms
T︸ ︷︷ ︸
torque
, (14)
where γ, α, and Ms mark the gyromagnetic ratio, the
Gilbert damping parameter, and the saturation magne-
tization, respectively. em, B, and T indicate the mag-
netization unit vector, the effective field, and the total
torque, respectively. The torque T is perpendicular to
m, which can be generally expressed as292
T = τFLem × ︸ ︷︷ ︸
field-like
+ τDLem × (em × )︸ ︷︷ ︸
damping-like
, (15)
where  is the unit vector of the torque. Note that the
field-like and damping-like terms act on the magnetiza-
tion like the precession and relaxation terms in the LLG
equation (Eq. (IV G)).
To induce finite SOT, effective non-equilibrium spin
polarization is required, which can be obtained via (a)
SHE and (b) Edelstein effect302 (i.e., inverse spin Gal-
vanic effect(iSGE)303). From symmetry point of view,
the occurrence of SOT requires noncentrosymmetric sym-
metry, thus the heterostructures of NM/FM materials
provide a rich playground to investigate SOT, where
paramagnetic materials with significant SHE have been
the dominant source for inducing spin injection and SOT
in FM materials. For instance, SOT has been investi-
gated in Ta|CoFeB,261 Pt|Co,257,258, SrIrO3midNiFe,263
and Bi2Se3|BaFe12O19.304 On the other hand, the Edel-
stein effect requires Rashba splitting, which can also be
applied for spin-charge conversion and hence SOT. For
instance, the spin-charge conversion has been demon-
strated for 2DEG at the interfaces of LaAlO3|SrTiO3,305
Ag|Bi,306, and Cu|Bi2O3|NiFe.307 Correspondingly, SOT
is recently observed in NiFe|CuOx driven by the Rashba
splitting at the interfaces.308 We note that the SHE-SOT
and iSGE-SOT (Edelstein) are entangled, e.g., can be
competitive or cooperative with each other, as demon-
strated in (GaMn)As|Fe.268
It is noteworthy pointing out that from the symme-
try perspective,258 the SOT generated at the interfaces
of FM metals and heavy metals lies in-plane for both the
anti-damping and field-like contributions, thus can only
switch the in-plane magnetization direction efficiently.
Nevertheless, it is demonstrated that in WTe2|NiFe,265
out-of-plane SOT can be induced by current along a
low-symmetry axis, which is promising for future SOT
switching of FM materials with perpendicular magnetic
anisotropy. Although the SOT discussed above takes
place at the interfaces, it does not mean that SOT is
prohibited in bulk materials. For instance, SOT has been
confirmed in half Heusler NiMnSb.266 Thus, the key is to
break the inversion symmetry in order to obtain finite
SOT.
As SOT can be summarized as torque induced by spin
current, the Onsager reciprocal effect is spin pumping,
i.e., the generation of spin current via induced magneti-
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zation dynamics. Usually the spin pumping is induced
by generating non-equilibrium magnetization dynamics
using the ferromagnetic resonance (FMR) and hence cre-
ates a pure spin current which can be injected into the
adjacent NM layers (i.e., spin sink) without a charge flow
under zero bias voltage. For instance, it is demonstrated
that spin pumping can be achieved in NiFe|Pt bilayers,259
with Pt being the spin sink, which can be conveniently
detected via the iSHE. In this regard, many materials
have been considered as spin sinks, such as heavy metals
like Au and Mo260 and semiconductors as GaAs.262 An
intriguing aspect of spin pumping is that the polarization
of the spin current is time-dependent, leading to both
dc- and ac-components.309 It is demonstrated that the
ac-component is at least one order of magnitude larger
than the dc-component for NiFe|Pt,255 which can lead to
future ac spintronic devices.
An emergent field of great interest is AFM spintron-
ics, which possess several advantages over the FM coun-
terpart.37,310,311 For instance, there is no stray field
for AFM materials thus the materials are insensitive to
the neighboring unit, which allows denser integration of
memory bits. Moreover, the typical resonance frequency
of FM materials is in the GHz range which is mostly
driven by MAE,312 while that for AFM materials can be
in the THz range due to the exchange interaction between
the moments.313 This leads to ultrafast magnetization
dynamics in AFM materials. As a matter of fact, almost
all the spintronic phenomena existing in FM materials
have been observed in AFM materials, such as AMR
in FeRh314 and MnTe,315 SHE in MnPt,296 and tun-
nelling AMR.316,317 Nevertheless, one major challenge
for AFM spintronics is how to control and to detect the
AFM ordering. It turns out that SOT can be applied to
switch the magnetic ordering of AFM compounds. For
instance, the iSGE-SOT can lead to staggered Ne´el spin-
orbit torques, creating an effective field of opposite sign
on each magnetic sublattice. The SOT induced switch-
ing has been observed in CuMnAs278 and Mn2Au.
279,280
It is noted that the staggered SOT has special require-
ment on the symmetry of the materials, i.e., the inversion
symmetry connecting the AFM magnetic sublattices in
the crystal structure is broken by the magnetic configu-
ration.37 Thus, it is an interesting question whether there
are more materials with the demanded magnetic config-
urations for bulk AFM spintronics. To detect the AFM
magnetic ordering, spin Hall magnetoresistance effect can
be used.318
One particularly interesting subject is the SOT and
spin pumping for magnetic junctions combining FM and
AFM materials. For instance, as AFM materials dis-
play also significant SHE, SOT has been observed in,
e.g., IrMn|CoFeB,272 IrMn|NiFe,274 MnPt|Co,275 and
Mn3Ir|NiFe.277 It is demonstrated in MnPt|Co/Ni bilay-
ers, the resulting SOT switching behaves like an artifi-
cial synapses, and a programmable network of 36 SOT
devices can be trained to identify 3×3 patterns.276 This
leads to an intriguing application of spintronic devices
for neuromorphic computation.319 Furthermore, as spin
pumping depends on the magnetic susceptibility at the
interfaces and thus the magnetic fluctuations, it is ob-
served that the spin pumping in NiFe|IrMn bilayers is
significantly enhanced around the AFM phase transition
temperature of IrMn,273 consistent with the theoretical
model based on enhanced interfacial spin mixing con-
ductance.320 In addition to enhance the spin pumping
efficiency, such types of experiments can be applied to
detect the AFM ordering without being engaged with
the neutron scattering facilities.
Another emerging field of spintronics is magnonic spin-
tronics321 realized based on both FM and AFM insula-
tors, as each electron carries an angular momentum of
~/2 whereas each magnon as the quasiparticle of spin
wave excitations carries an angular momentum of ~. The-
oretically, it is predicted that at the interfaces of NM|FM-
insulator bilayers, spin gets accumulation which is ac-
companied by the conversion of spin current to magnon
current.322 In the case of FM (ferrimagnetic) insulators,
YIG|Pt is a prototype bilayer system to demonstrate the
transmission of spin current at the interfaces253 and spin
pumping.271,323 It is also demonstrated the SOT can be
applied to switch the magnetization directions of FM in-
sulators, as in Pt|TmIG.288 The SOT and spin pumping
have also been observed in AFM insulators. For instance,
SOT leads to the switching of AFM ordering of NiO in
Pt|NiO bilayers.282–284 The origin of switching can be
attributed to the non-staggered SHE-SOT which acts as
anti-damping-like torque exerted by a spin accumulation
at the interface, but this is a question under intensive
debate.284 Furthermore, spin pumping can be induced in
bilayers of FM|AFM-insulators such as YIG|NiO285. One
intriguing aspect is the non-locality of magnetic spin cur-
rent which can propagate 100 nm in NiO.286 In general,
magnon number is not conserved, leading to finite trans-
port length scale for magnon mediated spin current de-
termined by the Gilbert damping coefficient which is an
intrinsic character of compounds. In contrast to the FM
materials,256 AFM materials allow long range spin trans-
port, as observed in Cr2O3
281 and Fe2O3
324 which might
be attributed to the spin superfluidity.325 Particularly,
the damping of magnons can be compensated by SOT,
which leads to zero damping as observed very recently in
YIG.267 Lastly, it is a fascinating idea to combine SOT
and long diffusion length of spin current in AFM materi-
als, e.g., switching magnetism using the SOT carried by
magnons in Bi2Se3|NiO|NiFe.290
In short, spintronics is a vast field but there is an ob-
vious trend that more phenomena driven by SOC are
being investigated. Moreover, materials to generate, ma-
nipulate/conduct, and detect spin current should be in-
tegrated for devices, thus the interfacial engineering is a
critical issue. Following Table. IV G, both FM and AFM
metals/insulators can be incorporated into the spintronic
devices, resulting in flexibility but also time consuming
combinatorial optimizations. For instance, a few FM
metals like Fe/Co/Ni, permalloy (NiFe), and CoFeB have
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been widely applied in the spintronic heterostructures,
as the experimental techniques to fabricate such systems
are well established. In this regard, there is a significant
barrier between theoretical predictions and experimental
implementations, though HTP calculations can be car-
ried out in a straightforward way (cf. Sect. V).
H. Magnetic topological materials
Pioneered by the discovery of integer326,327 and
fractional328,329 quantum Hall effects, a resurgence of
research on materials with nontrivial topological nature
has began, as exemplified by the 2D topological insula-
tors (TIs) predicted in graphene330 and HgTe quantum
wells,331 and shortly afterwards confirmed experimen-
tally in many 2D and 3D systems.332,333 The key funda-
mental concept lies on the Berry phase, which measures
the global geometric phase of the electronic wave func-
tions accumulated through adiabatic evolutions.334 Such
materials host many fascinating properties such as quan-
tum spin Hall effect (QSHE), which are promising for
future applications such as topological spintronics.332,333
Particularly, introducing the magnetic degree of free-
dom not only enriches their functionalities, e.g., quantum
anomalous Hall effect (QAHE),335 axion electromagnetic
dynamics,336,337 and chiral Majorana fermions,338 but
also enables more flexible tunability. The relevant ma-
terials as compiled in Tab. III, categorized based on the
dimensionality of the resulting band touchings, namely,
topological insulator, nodal point semimetals (including
Weyl, Dirac, and manyfold nodal points339), and nodal
line semimetals.340
As symmetry plays an essential role in the topologi-
cal nature of such materials,341 we put forward a brief
discussion before getting into particular material sys-
tems. It is clear that the time-reversal symmetry Θ
is broken for all magnetically ordered compounds, and
hence they are good candidates to search for the QAHE
and Weyl semimetal phases, which are topologically pro-
tected rather than symmetry protected. In addition, the
Weyl node is a general concept which is closely related
to the accidental degeneracy of electronic bands,342 e.g.,
there are many Weyl points in bcc Fe.343 Thus, the ul-
timate goal is to search for compounds where the low
energy electronic structure around the Fermi energy are
dominated solely (or mostly) by the linear dispersions
around the Weyl points.
The occurrence of other topological phases such as TI
and Dirac fermions in magnetic materials requires ex-
tra symmetry. For instance, the Kramers degeneracy is
required to define the Z2 index for nonmagnetic TI.330
However, the electronic bands in magnetic materials are
generally singly degenerate except at the time-reversal
invariant momenta (TRIMs), therefore additional sym-
metry is required in order to restore the Kramers de-
generacy. This leads to the prediction of AFM topologi-
cal insulators,344 which are protected by an anti-unitary
product symmetry S = PΘ, where P can be a point
group symmetry345 or a nonsymmorphic symmetry op-
erator which reverses the magnetization direction of all
moments. Furthermore, it is noted that the inversion
symmetry I respects the magnetization direction, thus
parity as the resulting eigenvalues of I can still be ap-
plied to characterize the topological phase if the com-
pound is centrosymmetric. Nevertheless, the generalized
Z4 character should be used,346 e.g., 4n+2 number of odd
parities from the occupied states at TRIMs corresponds
to a nontrivial axion insulator. In the same way, for
topological semimetallic phases,339 additional crystalline
line symmetry should be present, as will be discussed for
particular materials below.
Turning now to the first class of materials exhibit-
ing QAHE, which was predicted by Haldane.385 Such
a phenomena can be realized in magnetic topologi-
cal insulators,386 with magnetism introduced by dop-
ing as observed in Cr0.15(Bi0.1Sb0.9)1.85Te3 at 30 mK.
347
There have been many other proposals based on DFT
calculations to predict finite temperature QAHE,335
awaiting further experimental validations. Particu-
larly, compounds with honeycomb lattices are a promis-
ing playground for QAHE, including functionalized
graphene,387,388 Mn2C18H12,
389 etc. We want to point
out that QAHE is defined for 2D systems,385 an interest-
ing question is whether there exists 3D QAHI. By making
an analogue to the 3D integer quantum Hall effect,390 the
3D QAHI can be obtained by stacking 2D QAHI on top
of each other, or by stacking Weyl semimetals.391 In the
former case, if the Chern number for each kz-plane (in the
stacking direction) changes, one will end up with Weyl
semimetals.392 It is proposed recently that for Ba2Cr7O14
and h-Fe3O4,
348 3D QAHI can be obtained due to the
presence of inversion symmetry.
The 2D nature of QAHE observed in Cr-doped TIs
arises two questions: (1) whether the gap opening in the
Dirac surface states required for QAHE can be confirmed
experimentally and (2) whether it is possible to engineer
axion insulators by forming heterostructures of magnetic-
TI/normal-TI/magnetic-TI. For the former, a band gap
of 21 meV was observed in Mn-doped Bi2Se3
393 but
proved not originated from magnetism.394 Only recently,
a comparative study of Mn-doped Bi2Te3 and Bi2Se3 re-
veals that the perpendicular MAE for the Mn moments
in Bi2Te3 is critical to induce a finite band gap of 90
meV opening in the Dirac surface states.395 In the latter
case, if the magnetization directions for two magnetic-
TIs are antiparrallel and the sandwiching normal-TI is
thick enough, the axion insulator phase can be achieved
with quantized ac-response such as magneto-optical ef-
fect and topological magnetoelectric effect;396 Whereas
QAHE with quantized dc-response corresponds to the
parallel magnetization of two magnetic-TIs.397 Several
experiments have been done in this direction with con-
vincing results.398–400
Focusing from now on only the intrinsic (bulk, non-
doped, non-heterostructure) magnetic topological mate-
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TABLE III: The incomplete list of magnetic topological materials. SdH: Shubnikov-de Haas
compounds phase space group measurements
Cr0.15(Bi0.1Sb0.9)1.85Te3 QAHI R3¯m transport at 30 mK
347
Ba2Cr7O14 QAHI R3¯m DFT
348
MnBi2Te4 AFM TI R3¯m DFT+ARPES
349
EuSn2P2 AFM TI R3¯m ARPES
350
EuIn2As2 AFM axion P63/mmc DFT,
351 ARPES352,353
EuSn2As2 AFM TI R3¯m DFT+ARPES
354
FeSe monolayers 2D AFM TI P4/nmm (bulk) DFT+ARPES+STS355
HgCr2Se4 FM Weyl Fd3¯m DFT
356,357
Co2MnGa FM Weyl/nodal-line Fm3¯m DFT,
358 ARPES359
EuCd2As2 ideal Weyl P3¯m1 DFT+ARPES
360+SdH361
GdPtBi AFM Weyl F4¯3m DFT+transport362
YbPtBi AFM Weyl F4¯3m DFT+ARPES+transport363
Co3Sn2S2 FM Weyl R3¯m DFT+transport
364
Mn3Sn AFM Weyl P63/mmc DFT+APRES
365
Fe3Sn2 FM Weyl R3¯m ARPES,
366 STS+QPI367
(Y/RE)2Ir2O7 AFM Weyl/axion TI Fd3¯m DFT
368
CeAlGe Weyl I41md transport
369
CuMnAs AFM massive Dirac Pnma DFT,370,371 transport372
GdSbTe AFM Dirac P4/nmm DFT+ARPES373
BaFe2As2 AFM massless Dirac I4/mmm DFT+Infrared,
374 ARPES375
CaIrO3 AFM Dirac Pnma transport+SdH
376
FeSn AFM massless Dirac P6/mmm DFT+ARPES377,378
CaMnBi2 AFM massive Dirac P4/nmm ARPES
379
(Sr/Ba)MnBi2 AFM massive Dirac I4/mmm DFT+ARPES
379,380
EuMnBi2 AFM massive Dirac I4/mmm transport+SdH
381
YbMnBi2 AFM massive Dirac P4/nmm DFT+ARPES
382
GdAg2 2D nodal-line – DFT+ARPES
383
GdPtTe AFM nodal-line P4/nmm DFT+ARPES373
MnPd2 AFM nodal-line Pnma DFT
384
rials, an inspiring system is MnBi2Te4, which is con-
firmed to be an AFM TI recently.349 It is an ordered
phase with one Mn layer every septuple layer in the
Bi2Te3 geometry and the Mn atoms coupled ferromagnet-
ically (antiferromagnetically) within (between) the Mn
layers, leading to a Ne´el temperature of 24 K. Thus,
the nontrivial topological phase is protected by the com-
bined symmetry S = ΘT with T being the transla-
tional operator connecting two AFM Mn-layers.349 It is
worthy mentioning that the MnBi2Te4 phase is actually
the reason why the observed band gap is as large as 90
meV in Mn-doped Bi2Te3.
395 In this regard, it is still
an open issue about whether the Dirac surface states of
MnBi2Te4 are gapped
401–403 or gapless354,404,405 and the
corresponding magnetic origin as the gap survives above
the Ne´el temperature.403 Nevertheless, MnBi2Te4 stands
for a family of compounds with a general chemical for-
mula MnBi2n(Se/Te)3n+1, which are predicted to host
many interesting topological phases.406
The topological materials can be designed based on
the chemistry in systems with comparable crystal struc-
tures.407,408 Taking three Eu-based compounds listed in
Tab. III as an example, the electronic states around the
Fermi energy are mainly derived from the In-5s/Sn-5p
and P-3p/As-4p states, whereas the Eu-4f electrons are
located more than 1 eV below the Fermi energy.350,351,354
Certainly the hybridization between the 4f and valence
electronic states around the Fermi energy is mandatory
in order to drive the systems into the topological phases
by the corresponding magnetic ordering. Nevertheless,
it is suspected that given appropriate crystal structures,
there is still free space to choose a the chemical compo-
sition, i.e., via substituting chemically similar magnetic
RE elements to fine tune the electronic structure and
thus design novel materials. This philosophy is best man-
ifested in the class of Dirac semimetals AMnBi2 (A = Ca,
Sr, Bi, Eu, and Yb) as listed in Tab. III. For such com-
pounds, the Dirac cone can be attributed to the square
lattice of Bi atoms, which is common to all the com-
pounds following the DFT prediction.409 It is noted that
the Dirac cones in all the AMnBi2 compounds are mas-
sive due to SOC, but still leads to high mobility as the
resulting effective mass of electrons is small.410 Substitut-
ing Sb for Bi leads to another class of Dirac semimetals
AMnSb2 as predicted by DFT
411 and confirmed experi-
mentally.410,412–415
As discussed above, the occurrence of Dirac points
(with four-fold degeneracy) in magnetic materials de-
mands symmetry protection. Taking CuMnAs as an ex-
ample, it is demonstrated that the Dirac points is pro-
tected via the combined symmetry of S = IΘ as a prod-
uct of inversion I and Θ.370 Considering additionally
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SOC leads to lifted degeneracies depending on the mag-
netization directions because of the screw rotation oper-
ator S2z. The same arguments applies to FeSn
377 and
MnPd2.
384 Several comments are in order. Firstly, it is
exactly due to the combined symmetry S = IΘ why
there exists staggered SOT for CuMnAs, leading to a
descriptor to design AFM spintronic materials.371 Sec-
ondly, the magnetization direction dependent electronic
structure is a general feature for all magnetic topolog-
ical materials, such as surface states of AFM TIs like
MnBi2Te4
349 and EuSn2As2,
354 and also the nodal line
and Weyl semimetals.416 This offers another way to tailor
the application of the magnetic topological materials for
spintronics.417 Thirdly, the Dirac (Weyl) features prevail
in AFM (FM) materials as listed in Tab. III, thus we
suspect that there are good chances to design AFM ma-
terials with high mobility of topological origin.
The relevant orbitals responsible for the topological
properties for most of the materials discussed so far are
p-orbitals of the covalent elements, where the TM-d and
RE-f states play an auxiliary role to introduce mag-
netic ordering. A particularly interesting subject is to
investigate the topological features in bands derived from
more correlated d/f -orbitals, which has recently been
explored extensively in ferromagnetic Kagome metallic
compounds in the context of Weyl semimetals. We note
that the Kagome lattice with AFM nearest neighbor cou-
pling has been an intensively studied field for the quan-
tum spin liquid.418 On the one hand, Weyl semimetals
host anomalous Hall conductivity419 and negative mag-
netoresistance driven by the chiral anomaly.420,421 On
the other hand, due to the destructive interference of the
Bloch wave functions in the Kagome lattice, flat bands
and Dirac bands can be formed with nontrivial Chern
numbers.422,423 Therefore, intriguing physics is expected
no matter whether the Fermi energy is located in the
vicinity of the flat band or the Dirac gap, as in the
TmXn compounds (T = Mn, Fe, and Co; X = Sn and
Ge).378 Particularly, for Fe3Sn2, the interplay of gauge
flux driven by spin chirality and orbital flux due to SOC
leads to giant nematic energy shift depending on the
magnetization direction and further the spin-orbit en-
tangled correlated electronic structure.367 This offers a
fascinating arena to investigate the emergent phenomena
of topology and correlations in such quantum materials,
which can also be generalized to superconducting mate-
rials such as Fe-based superconductors.355,374,375
From the materials point of view, there are many
promising candidates to explore. For instance, the re-
cently discovered FM Co3Sn2S2 shows giant anomalous
Hall conductivity364 and significant anomalous Nernst
conductivity,424, driven by the Weyl nodes around the
Fermi energy. In addition, various Heusler compounds
displays also Weyl features in the electronic structure,
including Co2MnGa,
358,359 Co2XSn,
425,426 Fe2MnX,
426
and Cr2CoAl.
427 The most interesting class of com-
pounds are those with noncollinear magnetic configura-
tions. It is confirmed both theoretically and experimen-
tally that Mn3Sn is a Weyl semimetal,
365,428 leading to
significant AHC429 and SHC.298 It is expected that the
Weyl points can also be found in the other noncollinear
systems such as Mn3Pt
430 and antiperovskite,46 awaiting
further investigation.
Iridates are another class of materials which are pre-
dicted to host different kind of topological phases.431,432
Most insulating iridates contain Ir4+ ions with five 5d
electrons, forming IrO6 octahedra with various connec-
tivities. Due to strong atomic SOC, the t2g shell is split
into low-lying J = 3/2 and high-lying half-filled J =
1/2 states. Therefore, moderate correlations can lead
to insulating states, and such unique SOC-assisted insu-
lating phase have been observed in Ruddlesden-Popper
iridates.433 Pyrochlore iridates RE2Ir2O7 can also host
such insulating states, which were predicted to be topo-
logically nontrivial.368 Many theoretical studies based
on models have been carried out, supporting the non-
trivial topological nature,434435 but no smoking-gun ev-
idence, e.g., surface states with spin-momentum lock-
ing using ARPES, has been observed experimentally.
Our DFT+DMFT calculations with proper evaluation
of the topological character suggest that the insulating
RE2Ir2O7 are likely topologically trivial,
184 consistent
with the ARPES measurements.436 Nevertheless, prox-
imity to the Weyl semimetal phase is suggested, existing
in a small phase space upon second-order phase tran-
sition by recent experiments,437 where magnetic fields
can applied to manipulate the magnetic ordering of the
RE-sublattices and thus the topological character of the
electronic states.438439440 Last but not least, it is ob-
served that there exist robust Dirac points in CaIrO3
with the post-perovskite structure,376 leading to high mo-
bility which is rare for correlated oxides.
Obviously, almost all known topological phases can be
achieved in magnetic materials, which offer more degrees
of freedom compared to the nonmagnetic cases to tai-
lor the topological properties. Symmetry plays a crit-
ical role, e.g., semimetals with nodal line383373384 and
many-fold nodal points,339 can also be engineered be-
yond the Dirac nodes and AFM TIs discussed above.
Unlike nonmagnetic materials where the possible topo-
logical phases depend only on the crystal structure and
there are well compiled databases such as ICSD, there is
unfortunately no complete database with the magnetic
structures collected. Also, it is fair to say that no ideal
Weyl semimetals have been discovered till now, e.g., there
are other bands around the Fermi energy for all the Weyl
semimetal materials listed in Tab. III. Therefore, there
is a strong impetus to carry out more systematic stud-
ies on screening and designing magnetic materials with
nontrivial topological properties.
I. Two-dimensional magnetic materials
Pioneered by the discovery of graphene,441 there has
been recently a surge of interest on two-dimensional (2D)
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materials, due to a vast spectrum of functionalities such
as mechanical,442 electrical,443 optoelectronic,444 and su-
perconducting445 properties and thus immense poten-
tial in engineering miniaturized devices. However, the
2D materials with intrinsic long-range magnetic order-
ing have been missing until the recently confirmed sys-
tems like CrI3,
446 Cr2Ge2Te6,
447 and Fe3GeTe2
448 in the
monolayer limit. This enables the possibility to fabricate
vdW heterostructures based on 2D magnets and hence
paves the way to engineer novel spintronic devices. Nev-
ertheless, the field of 2D magnetism is still in its infancy,
with many pending problems such as the dimensional
crossover of magnetic ordering, tunability, and so on.
According to the Mermin-Wagner theorem,449 the
long-range ordering is strongly suppressed at finite tem-
perature for systems with short-range interactions of con-
tinuous symmetry in reduced dimensions, due to the di-
vergent thermal fluctuations. Nevertheless, as proven
analytically by Onsager,450 the 2D Ising model guaran-
tees an ordered phase, protected by a gap in the spin-
wave spectra originated from the magnetic anisotropy.451
In this sense, the rotational invariance of spins can
be broken by dipolar interaction, single-ion anisotropy,
anisotropic exchange interactions, or external magnetic
fields, which will lead to magnetic ordering at finite tem-
perature. The complex magnetic phase diagram is best
represented by that of transition metal thiophosphates
MPS3 (M = Mn, Fe, and Ni),
452,453 which are of the 2D-
Heisenberg nature for MnPS3, 2D-Ising for FePS3, and
2D-XXZ for NiPS3, respectively. As shown in Fig. 8 for
few-layer systems of both FePS3 and MnPS3, the tran-
sition temperature remains almost the same as that of
the corresponding bulk phase. However, for NiPS3, the
magnetic ordering is suppressed for the monolayers while
few-layer slabs have slightly reduced Ne´el temperature
compared to that of the bulk.454 This can be attributed
to the 2D-XXZ nature of the effective Hamiltonian, where
in NiPS3 monolayers it may be possible to realize the
BKT topological phase transition.455 This arises also an
interesting question whether there exist novel quantum
phases when magnetic ordering is suppressed and how to
tune the magnetic phase diagram. Also, it is suspected
that the interlayer exchange coupling does not play a
significant role for such 2D systems with intralayer AFM
ordering.
The interplay of interlayer exchange and magnetic
anisotropy leads to more interesting magnetic properties
for CrX3 (X = Cl, Br, and I). The Cr
3+ ions with oc-
tahedral environment in such compounds have the 3d3
configuration occupying the t2g orbitals in the major-
ity spin channel. The SOC is supposed to be quenched
leading to negligible single-ion MAE. Nevertheless, large
MAE can be induced by the strong atomic SOC on the
I atoms, i.e., intersite SOC, as elaborated in Ref.456,457
As the atomic SOC strength is proportional to the atomic
number, the MAE favors in-plane (out-of-plane) magne-
tization for CrCl3 (CrBr3 and CrI3), respectively. Note
that for the bulk phases, the intralayer exchange is FM
for all three compounds, while the interlayer exchange is
FM for CrBr3 and CrI3, and AFM for CrCl3.
458 In this
regard, the most surprising observation for the few-layer
systems is that CrI3 bilayers have AFM interlayer cou-
pling446 with a reduced Ne´el temperature of 46K in com-
parison to the bulk value of 61K (Fig. 8). Additionally,
the FM/AFM interlayer coupling can be further tuned
by pressure, as showed experimentally recently.459,460
Such a transition from FM to AFM interlayer coupling
was suggested to be induced by the stacking fault based
on DFT calculations, namely the rhombohedral (mono-
clinic) stacking favors FM (AFM) interlayer exchange.461
It is noted that CrX3 has the structural phase transi-
tion in the bulk phases from monoclinic to rhombohe-
dral around 200 K, e.g., 220K for CrI3.
462 Thus, a very
interesting question is why there is a structural phase
transition from the bulk rhombohedral phase to the mon-
oclinic phase in bilayers. A recent experiment suggests
that such a stacking fault is induced during exfoliation,
where it is observed that the interlayer exchange is en-
hanced by one order of magnitude for CrCl3 bilayers.
463
It is noted that it is still not clear how the easy-plane XY
magnetic ordering in CrCl3 would behavior in the mono-
layer regime. Therefore, for such 2D magnets, an in-
triguing question to explore is the dimensional crossover,
i.e., how the magnetic ordering changes few-layer and
monolayer cases in comparison to the bulk phases, as
we summarized in Fig. 8 for the most representative 2D
magnets.
The key to understand the magnetic behavior of such
2D magnets is to construct a reliable spin Hamiltonian
based on DFT calculations. Different ways to evaluate
the interatomic exchange parameters have been scru-
tinized in Ref.464 for CrCl3 and CrI3. It is pointed
out that the energy mapping method, which has been
widely used, leads to only semi-quantitative estimation.
Whereas the linear response theory including the ligand
states give more reasonable results, ideally carried out in
a self-consistently way. Particularly, exchange parame-
ters beyond the nearest neighbors should be considered,
as indicated by fitting the inelastic neutron scattering
on FePS3.
465 Moreover, for the interlayer exchange cou-
pling, DFT calculations predict AFM coupling while the
ground state is FM for Cr2Si2Te6,
466 which may be due
to the dipole-dipole interaction which is missing in non-
relativistic DFT calculations.467 Note that the interlayer
exchange coupling is very sensitive to the distance, stack-
ing, gating, and probably twisting,468 which can be used
to engineer the spin Hamiltonian which should be eval-
uated quantitatively to catch the trend. Furthermore,
as the most of the 2D magnets have the honeycomb lat-
tice with edge-sharing octahedra like the layered Na2IrO3
and α-RuCl3 which are both good candidates to realize
the quantum spin liquid states,469 the Kitaev physics be-
comes relevant, e.g., a comparative investigation on CrI3
and Cr2Ge2Te6 demonstrated that there does exist sig-
nificant Kitaev interactions in both compounds.470 Thus,
for 2D magnets, the full 3×3 exchange matrix as speci-
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fied in Eq. (IV C) has to be considered beyond the nearest
neighbors, in order to understand the magnetic ordering
and emergent properties. This will enable us to engi-
neer the parameter space to achieve the desired phases,
e.g., to obtain 2D magnetism with critical temperature
higher than the room temperature. For instance, the an-
tisymmetric DMI can stabilize skyrmions in 2D magnets,
as observed in recent experiments on Fe3GeTe2 nanolay-
ers.471,472
Due to the spatial confinement and reduced dielec-
tric screening, the Coulomb interaction is supposed to be
stronger in 2D materials, which bring forth the electronic
correlation physics. Taking Cr2Ge2Te6 as an example, re-
cent ARPES measurements demonstrate that the band
gap is about 0.38 eV at 50K,473 in comparison to 0.2 eV
at 150K,474 while the band gap is only about 0.15 eV in
the GGA+U calculations with U = 2.0 eV which repro-
duce the MAE.475 As both the magnetic ordering and
electronic correlations can open up finite band gaps, re-
cent DFT+DMFT calculations reveal that the band gap
in Cr2Si2Te6 is mostly originated from the electronic cor-
relations.476 Additionally, both the d-d transitions and
molecular ligand states are crucial for the helical photo-
luminescence of CrI3 monolayers.
477 Moreover, it is also
demonstrated that the ferromagnetic phase coexists with
the Kondo lattice behavior in Fe3GeTe2.
478 The corre-
lated nature of the electronic states in 2D magnets calls
for further experimental investigation and detailed the-
oretical modelling. 2D magnetic materials provide also
an interesting playground to study the interplay between
electronic correlations and magnetism, which is in com-
petition with other emergent phases.
To tailor the 2D magnetism, voltage control of mag-
netism has many advantages over the mainstream meth-
ods for magnetic thin films such as externally magnetic
fields and electric currents, because they suffer from poor
energy efficiency, slow operating speed, and appalling
size compactness. For biased CrI3 bilayers, external elec-
tric fields can be applied to switch between the FM and
AFM interlayer coupling.479,480 Such a gating effect can
be further enhanced by sandwiching dielectric BN lay-
ers between the electrode and the CrI3 layers.
481 More-
over, ionic gating on Fe3GeTe2 monolayers can boost
their Curie temperature up to the room temperature,
probably due to enhanced MAE but with quite irreg-
ular dependence with respect to the gating voltage.482
Interesting questions are to understand the variation in
the spin Hamiltonian and thus the Curie temperature
in such materials under finite electric fields. Addition-
ally, strain has also been applied to tailor 2D magnets.
For instance, it is demonstrated that 2% biaxial com-
pressive strain leads to a magnetic state transition from
AFM to FM for FePS3 monolayers,
483 and 1.8% tensile
strain changes the FM ground state into AFM for CrI3
monolayers.484 Moreover, strain can also induce signif-
icant modification of the MAE, e.g., 4% tensile strain
results in a 73% increase of MAE for Fe3GeTe2 with a
monotonous dependence in about 4% range.485 Thus, it
FIG. 8: Dependence of the magnetic ordering temperature
with respect to the number of layers for typical 2D mag-
nets. The values are normalized using the corresponding
bulk Curie/Ne´el temperature, e.g., CrCl3 (TC = 17K),
458
CrBr3 (TC = 37K),
458 CrI3 (TC = 61K),
446 Cr2Ge2Te6 (TC
= 68K),447 MnPS3 (TN = 78K),
464 FePS3 (TN = 118K),
465
NiPS3 (TN = 155K),
454 and Fe3GeTe2 (TC = 207K).
448 Lines
are guide for the eyes. The figure is adapted from Ref. 486
with updated data. Copyright requested.
is suspected that biaxial strain can be applied to tune
the magnetic properties of vdW magets effectively.
2D magnets exhibit a wide spectrum of functionali-
ties. For instance, tunnelling magnetoresistance in het-
erostructures of CrI3 has been observed in several set-ups
incorporating CrI3 multilayers,
487–489 with the magne-
toresistance ratio as large as 1,000,000%.490 Such a high
ratio can be attributed to perfect interfaces for the vdW
heterostructures, which is challenging to achieve for con-
ventional heterostructures of magnetic metals and insu-
lators such as Fe/MgO. The tunnelling can be further
tuned via gating,491 leading to implementation of spin
tunnel field-effect transistors.492 Moreover, metallic 2D
magnets displays also fascinating spintronic properties,
e.g., spin valve has been implemented based on the sand-
wich Fe3GeTe2/BN/Fe3GeTe2 geometry, where a tun-
nelling magnetoresistance of 160% with 66% polarization
has been achieved.493
Such transport properties are based on the charge and
spin degrees of freedom of electrons, whereas emergent
degree of freedom such as valley has attracted also inten-
sive attention, leading to valleytronics.494 As most of the
compounds discussed above have the honeycomb lattice,
the valley-degeneracy in the momentum space will be
lifted when the inversion symmetry is broken, resulting in
valley-dependent (opto-)electronic properties. Moreover,
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considering SOC causes the spin-valley coupling,495 i.e.,
valley-dependent optical selection rules become also spin-
dependent, which can be activated by circularly polarized
lights. Such phenomena can be realized in the vdW het-
erostructures such as the CrI3/WSe2 heterostructures
496
via the proximity effect or in AFM 2D magnets such as
MnPS3.
497
From the materials perspective, 2D materials have
been extensively investigated both experimentally and
theoretically. There exist several 2D material
databases498–501 based on HTP DFT calculations, lead-
ing to predictions of many interesting 2D magnets.502
Nevertheless, it is still a fast developing field, e.g.,
the Curie temperature of 2D FM compounds has been
pushed up to the room temperature in VTe2
503 and
CrTe2.
504 It is noted that the DFT predictions should
go hand-in-hand with detailed experimental investiga-
tion. For instance, VSe2 monolayers are predicted to be
a room temperature magnet505 supported by a follow-
up experiment.506 However, recent experiments reveal
that the occurrence of the charge density wave phase will
prohibit the magnetic ordering.507,508 To go beyond the
known prototypes to design new 2D materials, one can ei-
ther predict more exfoliable bulk compounds with layered
structure or laminated compounds where etching can be
applied. For instance, MXene is a new class of 2D materi-
als which can be obtained from the MAX compounds,509
where the HTP calculations can be helpful. It is particu-
larly interesting to explore such systems with 4d/5d TM
or RE elements, where the interplay of electronic corre-
lations, exchange coupling, and SOC will leads to more
intriguing properties, such as recently reported MoCl5
510
and EuGe2.
511 Last but not least, vdW materials can also
be obtained using the bottom-up approach such as molec-
ular beam epitaxy down to the monolayer limit, such
as MnSe2 on GaSe substrates.
512 This broadens signifi-
cantly the materials phase space to those non-cleavable
or metastable vdW materials and provides a straightfor-
ward way to in-situ engineer the vdW heterostructures.
Like the 3D magnetic materials, 2D magnets displays
comparable properties but with a salient advantage that
they can form van der Waals (vdW) heterostructures
without enforcing lattice matching.513 This leads to a
wide range of combinations to further tailor their prop-
erties, e.g., the emergent twistronics514 exampled by the
superconductivity in magic angle bilayer graphene.515 In
comparison to the interfaces in conventional magnetic
heterostructures, which are impeded by dangling bonds,
chemical diffusion, and all possible intrinsic/extrinsic de-
fects, vdW heterostructures with well-defined interfacial
atomic structures are optimal for further engineering of
spintronic devices.516 Nevertheless, to the best of our
knowledge, there is no 2D magnet showing magnetic or-
dering at room temperature, which is a challenge among
many as discussed above for future HTP design.
FIG. 9: A typical HTP workflow to design magnetic materials.
Blue, yellow, green, and purple blocks denote the processes of
crystal structure identification, evaluation of stabilities, char-
acterization of magnetic properties, and database curation,
respectively.
V. CASE STUDIES
A. High-throughput workflows
Fig. 9 displays a generic workflow to perform HTP
screening on magnetic materials, with four processes
highlighted in different colors. That is, HTP screening
can be performed in four essential steps:
1. crystal structure identification. As DFT cal-
culations need only the chemical composition
and crystal structure as inputs, HTP calcula-
tions mostly start with such information which
can be obtained via (1) databases compil-
ing known compounds, (2) substitution based
on crystal structure prototypes, and (3) crys-
tal structure prediction using evolutional algo-
rithms. There have been a few databases such
as ICSD https://icsd.fiz-karlsruhe.de/index.xhtml
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and COD http://www.crystallography.net/cod/,
with the crystal structures for experimentally syn-
thesized compounds and theoretically predicted
crystal structures. Moreover, typical structure pro-
totypes have been identified,54,55which offer a good
starting point to perform chemical substitutions.517
The crystal structures can also be generated based
on evolutionary algorithms using USPEX518 and
CALYPSO.60
2. evaluation of stabilities. This is usually done in
a funnel-like way, as thermodynamic, mechanical,
and dynamical stabilities should be systematically
addressed, as detailed in Sect. IV A. We want to
emphasise that the evaluation of convex hull should
be performed with respect to as many competing
phases as possible, thus the corresponding DFT cal-
culations are better done using consistent parame-
ters as cases in existing databases such as Materials
Project,8 AFLOW,9 and OQMD.11
3. characterization of magnetic properties. In Fig. 9
we list several fundamental magnetic properties,
such as magnetization, MAE, TC/TN and trans-
port properties (please refer to the previous sec-
tions for detailed discussions), which can be selec-
tively evaluated depending on the target applica-
tions. It is worthy pointing out that a system-
atic evaluation of the thermodynamic properties
for magnetic materials dictates accurate Gibbs free
energies with significant magnetic contributions,519
as illustrated for the Fe-N systems.520 Thus, proper
evaluation of the magnetization and magnetic or-
dering temperature is required.
4. database curation. Ideally, a data infrastructure is
needed in order to obtain, store, analyze, and share
the DFT calculations. Non-SQL databases (e.g.,
MongoDB) are mostly used because of their flexibil-
ity with the data structure, which can be adjusted
for compounds with various complexity and add-
on properties evaluated in an asynchronized way.
Moreover, the data should be findable, accessible,
interoperable, and reusable (FAIR),521 so that they
can be shared with the community with approved
provenance. Last but not least, with such database
constructed, data mining using machine learning
techniques can be performed to further accelerate
the previous three steps and develop statistical in-
sights on the results, as discussed in Sect. VI B.
It is straightforward to set up such HTP workflows,
either based on integrated platforms or starting from
scratch, as many DFT codes have Python interfaces.522
In this regard, the atom simulation environment523 is
a convenient tool, which has been interfaced to more
than 30 software packages performing DFT and molec-
ular simulations. Nevertheless, the following two as-
pects deserve meticulosity, which essentially distinguish
HTP from conventional DFT calculations. The work-
flow should be automated, so that the computational
tasks can be properly distributed, monitored, and man-
aged. For instance, a typical practice is to generate
input files for thousands of compositions, optimize the
crystal structures, and assess the thermodynamic stabil-
ity. The corresponding workflows can be implemented
using stand-alone Python packages like fireworks,524 or
using the integrated platforms such as AiiDa12 and Ato-
mate.13 Another critical point is job management and
error handling. Ideally, a stand-by thread shall mon-
itor the submitted jobs, check the finished ones, and
(re-)submit further jobs with proper error (due to either
hardware or software issues) recovery. In this regard, cus-
todian(https://materialsproject.github.io/custodian/) is
a good option, with integrated error handling for the
VASP, NwChem, and QChem codes. On the other hand,
the set-up and maintenance of such job management de-
pends on the computational environment, and also ex-
pertise with the usage of scientific softwares.
B. Heusler compounds
Heusler compounds form an intriguing class of inter-
metallic systems possessing a vast variety of physical
properties such as HM, MSME, TI, superconductivity,
and thermoelectricity (please refer to Ref. 525 for a com-
prehensive review). Such versatility is originated from
the tunable metallic and insulating nature of the elec-
tronic structure due to the flexibility in the chemical
composition. As shown in Fig. 10, there are two main
groups of Heusler compounds, namely, the half Heusler
with the chemical composition XYZ and the full-Heusler
X2YZ, where X and Y are usually transition metal or
RE elements, and Z being a main group element. For
both half Heusler and full Heusler systems, the crystal
structures can be considered to be with a skeleton of the
ZnS-type (zinc blende) formed by covalent bonding be-
tween X and Z elements, and the Y cations will occupy
the octahedral sites and the vacancies. This gives rise to
the flexibility to tune the electronic structure by playing
with the X, Y, and Z elements.525
The full Heuslers X2YZ can end up with either the reg-
ular (L21-type) or the inverse (Xα-type) Heusler struc-
ture, as shown in Fig. 10. It is noted that the both the
regular and inverse full Heusler crystal structures are de-
rived from the closely packed fcc structure, which is one
of the most preferred structures for ternary intermetal-
lic systems.526 Depending on the relative electronegativ-
ity of the X and Y elements, the empirical Burch’s rule
states that the inverse Heusler structure is preferred if
the valence of Y is larger than that of X, e.g., Y is
to the right of X if they are in the same row of the
periodic table.527 Several HTP calculations have been
done to assess the Burch’s rule, such as in Sc-528 and
Pd-based529,530 Heuslers. Additionally, the nonmagnetic
L21 Heusler compounds as high-strength alloys
531 and
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FIG. 10: Illustration of the Heusler crystal structures for (a) (regular) full Heusler X2YZ, (b) inverse (full) Heusler X2YZ, (c)
half Heusler XYZ, (d) quaternary Heusler XX′YZ, and (e) tetragonal (full) Heusler X2YZ. The conventional unit cell of 16
atoms are sketched, using the Wyckoff positions of the F4¯3m to give a general description for the cubic (a-d) cases.
thermoelectric532 materials have been studied. For mag-
netic properties, Sanvito et al.57 performed HTP calcula-
tions on 236,115 X2YZ compounds and found that 35,602
compounds are stable based on the formation energy,
where 6,778 compounds are magnetic. Unfortunately,
the relative stability with respect to competing binary
and ternary phases is expensive thus demanding to ac-
complish. In a recent work,533 Ma et al. carried out
DFT calculations on a small set of 405 inverse Heusler
compounds, but with the relative stability to the reg-
ular Heusler and the convex hull considered systemati-
cally, including also a few possible magnetic configura-
tions.533Ten HMs have been identified, which can be ex-
plored for spintronic applications.
Focusing on the regular Heusler systems, Balluff et
al.534 performed systematic evaluation of the convex hull
based on the available data in AFLOW and it is found
that the number of magnetic Heuslers will be reduced
from 5,000 to 291. That is, the convex hull construc-
tion will reduced the number of stable compounds by one
order of magnitude, consistent with our observation on
the magnetic antiperovskites.46 Therefore, although the
database of competing phases might not be complete, it
is highly recommended to evaluate the thermodynamic
stability including both the formation energy and convex
hull, if not the mechanical and dynamical stabilities. Fur-
thermore, to identify the magnetic ground states, Balluff
et al. carried out calculations on two antiferromagnetic
configurations and obtained 70 compounds with AFM
ground states. The Ne´el temperature of such compounds
are then computed using the Monte Carlo method
with exchange parameters calculated explicitly using the
SPRKKR (https://ebert.cup.uni-muenchen.de) code, re-
sulting in 21 AFM Heusler compounds with Ne´el tem-
perature higher than 290 K. Such compounds are ready
to be explored for applications on AFM spintronics.
Interestingly, for both regular and inverse Heusler com-
pounds, tetragonal distortions can take place driven by
the band Jahn-Teller effect associated with high DOS
at the Fermi energy.535 HTP calculations reveal that
62% of the 286 Heusler compounds investigated prefer
the tetragonal phase, due to the van Hove singulari-
ties around the Fermi energy.536 Such tetragonal Heusler
compounds exhibit large MAE, e.g., 5.19 MJ/m3 for
Fe2PtGe and 1.09 MJ/m
3 for Fe2NiSn, making them
interesting candidates as permanent magnets and STT-
MRAM materials.537 To search for potential materials for
STT applications, Al-, Ga-, and Sn-based inverse Heusler
compounds in both cubic and tetragonal structures have
been investigated, aiming at optimizing the spin polariza-
tion and Gilbert damping for materials with perpendicu-
lar magnetic anisotropy.538 Additionally, such tetragonal
Heusler compounds can also be used to engineer magnetic
heterostructures with enhanced TMR effects.539
Significant MAE can also be obtained by inducing
tetragonal distortions on the cubic Heusler compounds.
For instance, the MAE of Ni2YZ compounds can be as
large as 1 MJ/m3 by imposing c/a 6= 1.540 To stabilize
such tetragonal distortions, we examined the effect of
light elements (H, B, C, and N) as interstitial dopants
into the Heuslers and found that tetragonal distortions
can be universally stabilized due to the anisotropic crys-
talline environments for the interstitials preferentially oc-
cupying the octahedral center.541 This leads to an effec-
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tive way to design RE-free permanent magnets. Two
pending problems though are the solubility and possi-
ble disordered distribution of the light interstitials in the
Heusler structures. Nevertheless, it is demonstrated that
for the Fe-C alloys, due to interplay of anharmonicity
and segregation, collective ordering is preferred,542 en-
tailing further studies on the behavior of interstitials in
the Heusler compounds. We note that the structural
phase transition between the cubic and tetragonal phases
in Ni2MnGa induces the MSME and in Ni2MnX (X =
In, Al, and Sn) the MCE. In this regard, there are many
more compounds with such martensitic transitions which
can host MSME and MCE, awaiting further theoretical
and experimental investigations.
To go beyond the p-d covalent bonding between the X
and Z atoms which stabilizes the Heusler structures, Wei
et al. first explored the d-d hybridization in the Ni-Mn-Ti
systems and observed that there exist stable phases with
significant MSME, which offers also the possibility to im-
prove the mechanical properties of the resulting Heusler
systems in comparison to the main-group-element based
conventional cases.543 Considering only the cubic phases,
follow-up HTP calculations revealed that 248 compounds
are thermodynamically stable out of 36,540 prototypes
and 22 of them have magnetic ground states compatible
with the primitive unit cell.57 The predictions are vali-
dated by successful synthesis of Co2MnTi and Mn2PtPd
which adopts the tetragonal structure with space group
I4/mmm (Fig. 10).57 An interesting question is whether
there exist promising candidates with enhanced caloric
performance beyond the known Ni-Mn-Ti case.544 There
have been several studies focusing on Zn-,545 V-,546 and
Cd-based547 Heuslers, where possible martensitic trans-
formation is assessed based on the Bain paths. We note
that in order to get enhanced MCE, the martensitic phase
transition temperature is better aligned within the Curie
temperature window.548 Therefore, to predict novel all-
d-metal Heuslers with magneto-structural functionalities,
more systematic HTP characterization on the thermody-
namic and magnetic properties for both cubic and tetrag-
onal phases is required.
The flexibility in the chemical composition for the in-
termetallic Heusler compounds can be further explored
by substituting a fourth element or vacancy in X2YZ,
leading to quaternary XX′YZ and half XYZ Heusler
(Fig. 10). Following the empirical rule, we performed
HTP calculations on magnetic quaternary Heusler com-
pounds with 21, 26, and 28 valence electrons to search
for spin gapless semiconductors (SGSs).549 Considering
both structural polymorphs by shuffling atomic posi-
tions and magnetic ordering compatible with the primi-
tive cell, we identified 70 unreported candidates covering
all four types of SGSs out of 12,000 chemical composi-
tions, with all the 22 experimentally known cases vali-
dated. Such SGSs are promising for spintronic applica-
tions, as they display significant anisotropic magnetore-
sistance, and tunable AHC and tunnelling magnetoresis-
tance.549,550 We note that the semimetallic phase can also
be found in quaternary Heuslers with the other numbers
of electrons,551 which is interesting for future studies.
Regarding the half Heusler compounds, there have
been extensive HTP calculations to screen for nonmag-
netic systems as thermoelectric materials,552,553 where
the formation of defects has also been addressed in a
HTP manner.554 Ma et al. carried out HTP calculations
on 378 half Heuslers and identified 26 semiconductors, 45
HMs, and 34 nearly HMs, which are thermodynamically
stable.83 Another recent work investigated the alkaline
element based half Heuslers and found 28 ferromagnetic
materials out of 90 compositions.555
Importantly, for half Heusler materials, it is not enough
to consider only the binary competing phases, but also
possible ternary compounds as there are many crys-
tal structures which can be stabilized based on the 18-
electron rule for the 1:1:1 composition.556 For instance,
the so-called hexagonal Heusler compounds are a class
of materials which can host topological insulator557 and
(anti-)ferroelectric phases.558,559 Particularly, the mag-
netic counterparts hexagonal Heuslers host martensitic
transitions, making them promising for MCE applica-
tions.560 This leads to two recent work where the compo-
sition of the hexagonal Heusler compounds is optimized
to further improve the MCE,561,562 whereas more sys-
tematic HTP calculations are still missing. Additionally,
it is demonstrated that the half Heuslers with the F4¯3m
structure can be distorted into either P63mc or Pnma
structures, giving rise to an interesting question whether
magnetic materials with significant MCE can be identi-
fied based on HTP screening. Last but not least, like
the quaternary Heuslers, the flexibility in composition
can also be realized in the half Heusler structure. For
instance, 131 quaternary double half Heusler compounds
are predicted to be stable where Ti2FeNiSb2 has been ex-
perimentally synthesized showing low thermal conductiv-
ity as predicted. This paves the way to explore the tun-
able electronic and magnetic properties of half Heusler
compounds.
One particularly interesting subject is to screen for
Heuslers with transport properties of the topological ori-
gin. For instance, motivated by the recent discovered
Weyl semimetal Co2MnGa,
359 an enlightening work eval-
uated the topological transport properties (e.g., AHC,
ANC, and MOKE which obey the same symmetry rules)
of 255 cubic (both regular and inverse) Heusler com-
pounds in a HTP way.563 By comparing the results for
full and inverse Heuslers systems, it is observed that the
mirror symmetry present in the full but not the inverse
Heusler compounds plays an essential role to induce sig-
nificant linear response properties. It is noted that only
one FM (AFM) configuration is considered for the full
(inverse) Heusler compounds, which might not be enough
as the electronic structure and the derived physical prop-
erties are subjected to the changes in the magnetic con-
figurations.
Overall, it is obvious that Heusler compounds are a
class of multifunctional magnetic materials, but the cur-
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rent HTP calculations are still far away from being com-
plete. One additional issue is how to properly treat the
chemical and magnetic disorders in such compounds in
order to predict the electronic and thermodynamic prop-
erties. For instance, the MCE takes place only for Mn-
rich Ni-Mn-Ti,543 which has not yet been explained based
on DFT calculations. We believe substitutions and chem-
ically disordered systems deserve more systematic treat-
ments in the future HTP studies, particularly for Heusler
alloys.
C. Permanent magnets
As discussed above, the main tasks for HTP screen-
ing of permanent magnets are to evaluate the intrinsic
magnetic properties for the known and predicted phases,
including both RE-free and RE-based systems. A recent
work564 focuses on the RE-free cases, where starting from
10,000 compounds containing Cr, Mn, Fe, Co, and Ni
available in the ICSD database, step-by-step screening is
carried out based on the chemical composition, Ms, crys-
tal structure, magnetic ground state, and MAE. Three
compounds, namely, Pt2FeNi, Pt2FeCu, and W2FeB2
are finally recommended. It is noted that the magnetic
ground state for the compounds during the screening is
determined by the literature survey, which might be la-
bor intensive and definitely cannot work for “unreported”
cases.
In addition to HTP characterization of the known
phases and prediction of novel compounds, tailoring the
existing phases on the boundary of being permanent
magnets is also promising, which can be done via sub-
stitutional and interstitial doping. For instance, theoret-
ical predictions suggest that Ir/Re doping can enhanced
the MAE of (Fe1−xCox)2B, which is confirmed by ex-
periments.565 Nevertheless, cautions are deserved when
evaluating the MAE for the doped compounds using the
supercell method, where the symmetry of the solution
phases may be broken thus leading to erroneous predic-
tions on MAE. Special techniques such as VCA and CPA
are needed to obtain MAE as done in Ref. 565, which are
not generally available in the main stream codes. Fur-
thermore, the interstitial atoms such as H, B, C, and N
can also be incorporated into the existing intermetallic
phases, giving rise to structural distortions and thus sig-
nificant MAE as demonstrated for the FeCo alloys.566,567
Following this line, we have performed HTP calculations
to investigate the effects of interstitials on the intermetal-
lic compounds of both the Cu3Au
82 and Heusler541 types
of crystal structures, and identified quite a few candidates
interesting for further exploration.
Turning now to the RE-based permanent magnets,
due to the challenge to treat the correlated 4f -electrons,
approximations are usually made. For instance, in a
series of work, the tight-binding linear muffin-tin or-
bital method in the atom sphere approximation has
been applied to screen the 1-5/2-17/2-14-1 type,568 1-
12 type,569,570 1-11-X type,173 and the 1-13-X type571
classes of materials, where the 4f -electrons are consid-
ered in the spin-polarized core approximation. One ap-
parent problem is that the magnetization and MAE can-
not be obtained consistently based on such a method.
The Staunton group has developed a consistent theoret-
ical framework to evaluate both the magnetization and
MAE,572 which is interesting if further HTP calculations
can be performed. Additionally, another common prob-
lem to access the thermodynamic stability of the RE-
based compounds with most DFT codes on the market.
Nevertheless, the trend with respect to chemical com-
positions can be obtained, which can be validated with
further experiments. Last but not least, the spin mo-
ments of the RE elements is usually aligned antiparallel
to the magnetic moment of the transition metal atoms,
which is usually not properly treated. For such materials,
not only the single ion MAE but also inter-sublattice ex-
change coupling should be included in order to compare
with experimental measurements.573
Therefore, due to the challenges such as the correlated
nature of 4f -electrons and its interplay with SOC, HTP
design of permanent magnets is still a subject requiring
further improvement on the computing methodology. As
such materials are applied in big volume, it might be
strategic to consider firstly the criticality of the consti-
tute elements, e.g., the high cost and supply risk on Co,
Nd, Dy, and Tb. In this regard, compounds based on Fe
and Mn combined with cheap elements in the periodic
table should be considered with high priority. In addi-
tion, all three intrinsic properties (Ms, MAE, and TC)
should be optimized which is numerically expensive and
thus not usually done. In this regard, a consistent fig-
ure of merit should be adopted, e.g., the suggestion by
Coey to define and optimize the dimensionless magnetic
hardness parameter κ =
(
K1
µ0M2s
)1/2
> 1, which should
be implemented for future HTP screening.29
D. Magnetocaloric materials
As discussed in Sect. IV F, MCE is driven by the in-
terplay of various degrees of freedom leading to chal-
lenges in performing HTP design of novel MCE mate-
rials. For instance, rigorous evaluation of the Gibbs free
energies including the lattice, spin, and electronic degrees
of freedom is a numerically expensive task, not to men-
tion the complex nature of magnetism and phase transi-
tion. Thus, it is of great impetus to establish a compu-
tational “proxy” which correlates the MCE performance
with quantities easily accessible via DFT calculations.
Following the concept that MCE is significant when the
magneto-structural phase transitions occur, Bocarsly et
al. proposed a proxy in terms of the magnetic deforma-
tion ΣM =
1
3 (η
2
1 +η
2
2 +η
3
3)
1/2×100 and η = 12 (PTP− I)
where P = A−1nonmag ·Amag with Anonmag and Amag be-
ing the lattice constants of the nonmagnetic and mag-
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netic unit cells.574 Assuming the high temperature para-
magnetic phase can be described with the nonmagnetic
solution at 0K, the magnetic deformation ΣM measures
“the degree to which structural and magnetic degrees of
freedom are coupled in a material”. In fact, there is
a universal correlation between ∆S and ΣM , no mat-
ter whether MCE is driven by FOPTs or not. Nev-
ertheless, there is no direct scaling between ∆S and
ΣM and it is suggested that ΣM > 1.5% is a reason-
able cutoff to select the promising compounds. Further
screening on the known FM materials reveals 30 com-
pounds out of 134 systems as good candidates, where
one of them MnCoP is validated by experimental mea-
surements showing ∆S = −3.1J/kg/K under an applied
field of 2T. Recently, this proxy has been successfully
applied to evaluate the MCE behavior of two solid so-
lutions Mn(Co1−xFex)Ge and (Mn1−yNiy)CoGe, where
the predicted optimal compositions x=0.2 and y=0.1 are
in good agreement with the experiments.562 It is inter-
esting that such consistency is obtained by evaluating
the corresponding quantities via configurational average
over supercells with Boltzmann weights, instead of the
SQS method. One point to be verified is whether the
nonmagnetic instead of the paramagnetic configurations
are good enough. Our preliminary results on a serious of
APVs with noncollinear magnetic ground states indicate
that the negative thermal expansion associated with the
magneto-structural transition and hence MCE is over-
estimated using the magnetic deformation between FM
and nonmagnetic states.
A more systematic and computationally involved work-
flow is the CaloriCool approach,237 based on two-step
screening. It is suggested that the metallic alloys and
intermetallic compounds are more promising candidates
than the oxides, which “suffer from intrinsically low isen-
tropic (a.k.a. adiabatic) temperature changes due to large
molar lattice specific heat”. The first step fast screening
is based on the phase diagrams and crystal structures
from the literature and known databases, which results
in compounds with the same chemical composition but
different crystal structures. In the second step, the phys-
ical properties including mechanical, electronic, thermo-
dynamic, kinetic properties will be evaluated, c ombin-
ing DFT with multi-scale and thermodynamic methods.
For instance, the thermodynamic properties can be evalu-
ated following the methods proposed in Ref. 575, which is
foreseeably expensive and better done one after another.
Also, the success of the approach depends significantly
on the database used for the first step screening. Nev-
ertheless, it is proposed based on such design principles
that there should be a solution phase Zr1−xYbxMn6Sn6
with significant MCE due to the fact that the pristine
ZrMn6Sn6 and YbMn6Sn6 are with AFM and FM ground
states with critical temperatures being 580K and 300K,
respectively. This is very similar to the morphotropic
phase boundary concept for ferroelectric materials, where
the piezoelectric response associated with first order fer-
roelectric phase transition can be greatly enhanced at the
critical compositions.576
E. Topological materials
As discussed in Sect. IV H, insulators and semimet-
als of nontrivial nature are an emergent class of materi-
als from both fundamental physics and practical appli-
cations points of view. To design such materials, sym-
metry plays an essential role as explained in detail in
Sect. IV H for a few specific compounds. Particularly for
magnetic materials, the occurrence of QAHI and Weyl
semimetals is not constrained to compounds of specific
symmetries, whereas the AFM TIs entail a product sym-
metry S = PΘ which can give rise to the demanded
Kramers degeneracy. It is noted that the symmetry ar-
gument applies to the nonmagnetic topological materi-
als as well, where based on topological quantum chem-
istry577 and filling constraints578,579 HTP characteriza-
tion of nonmagnetic materials have been systematically
performed.580–583 Such screening can also be performed
in a more brute-force way by calculating the surface
states584 and spin-orbit spillage.585,586
A very fascinating work done recently is to perform
HTP screening of AFM topological materials based on
the magnetic topological quantum chemistry,587 as an ex-
tension to the topological quantum chemistry.577 For this
approach, the irreducible co-representations of the occu-
pied states are evaluated at the high symmetry points
in the BZ, and the so-called compatibility relations are
then taken to judge whether the compounds are topo-
logically trivial or not.588 In this way, six categories of
band structures can be defined, e.g. band representa-
tions, enforced semimetal with Fermi degeneracy, en-
forced semimetal, Smith-index semimetal, strong TI, and
fragile TI, where only band representations are topolog-
ically trivial. Out of 403 well converged cases based
on DFT calculations of 707 compounds with experi-
mentally available AFM magnetic structure collected in
the MAGNDATA database,589 it is observed that about
130 (≈ 32%) showing nontrivial topological features,
where NpBi, CaFe2As2, NpSe, CeCo2P2, MnGeO3, and
Mn3ZnC are the most promising cases. We note that
one uncertainty is the U value which is essential to get
the correct band structure, and more sophisticated meth-
ods such as DFT+DMFT might be needed to properly
account for the correlations effect.184
F. 2D magnets
The HTP screening of 2D magnetic materials has been
initiated by examining firstly the bulk materials that are
held together by the van der Waals interaction, which can
then be possibly obtained by chemical/mechanical exfo-
liation or deposition. Starting from the inorganic com-
pounds in the ICSD database,590 two recent publications
tried to identify 2D materials by evaluating the packing
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ratio, which is defined as the ratio of the covalent volume
and the total volume of the unit cell.591,592 This leads to
about 90 compounds which can be obtained in the 2D
form, where about 10 compounds are found to be mag-
netic.592 The screening criteria have then be generalized
using the so-called topological-scaling algorithm, which
classifies the atoms into bonded clusters and further the
dimensionality.498 Combined with the DFT evaluation
of the exfoliation energy, 2D materials can be identified
from the layered solids. This algorithm has been ap-
plied to compounds in the Materials Project database,
where 826 distinct 2D materials are obtained. Interest-
ingly, 128 of them are with finite magnetic moments >
1.0 µB/u.c., and 30 of them showing HM behavior.
498
Extended calculations starting from the compounds in
the combined ICSD and COD databases identified 1825
possible 2D materials, and 58 magnetic monolayers have
been found out of 258 most promising cases.499 Similarly,
by evaluating the number of “covalently connected atoms
particularly the ratio in supercell and primitive cells, 45
compounds are identified to be of layered structures out
of 3688 systems containing one of (V, Cr, Mn, Fe, Co,
Ni) in the ICSD database, leading to 15 magnetic 2D
materials.593
As discussed in Sect. IV I, the occurrence of 2D mag-
netism is a tricky problem, particularly the magnetic or-
dering temperature which is driven by the interplay of
magnetic anisotropy and exchange parameters. Based
on the computational 2D materials database (C2DB),500
HTP calculations are performed to obtain the exchange
parameters, MAE, and the critical temperature for 550
2D materials, and it is found that there are about
150 (50) FM (AFM) compounds being stable.502 Impor-
tantly, the critical temperatures for such compounds have
a strong dependence on the values of U, indicating that
further experimental validation is indispensable. Never-
theless, the characterization of the other properties for
2D materials in the HTP manner is still limited. One
exception is the HTP screening for QAHC with in-plane
magnetization,594 where the prototype LaCl might not
be a stable 2D compound. It is noted that there have
been a big number of predictions on 2D magnetic and
nonmagnetic materials hosting exotic properties but the
feasibility to obtain such compounds has not been sys-
tematically addressed. Therefore, we suspect that consis-
tent evaluations of both the stability and physical prop-
erties are still missing, particularly in the HTP manner
which can guide and get validated by future experiments.
Despite the existing problems with stability for 2D
(magnetic) materials, a system workflow to character-
ize their properties has been demonstrated in a recent
work.595 Focusing the FM cases and particularly the pre-
diction of associated TC , it is found that only 53% of
786 compounds predicted to be FM,500 are actually sta-
ble against AFM configurations generated automatically
based on the method developed in Ref. 84. In this regard,
the parameterization of the Heisenberg exchange param-
eters should be scrutinized, where explicit comparison of
the total energies for various magnetic configurations can
be valuable. Follow-up Monte Carlo simulations based on
fitted exchange parameters reveal 26 materials out of 157
would exhibit TC higher than 400 K, and the results are
modeled using ML with an accuracy of 73%. Unfortu-
nately, the exact AFM ground states are not addressed,
which is interesting for future investigation.
It is well known that 2D materials offer an intrigu-
ing playground for various topological phases particularly
for magnetic materials including the QAHE594, AFM
TI596, and semimetals.417 HTP calculations based on
the spin-orbit spillage585 has been carried out to screen
for magnetic and nonmagnetic topological materials in
2D materials,597 resulting in four insulators with QAHE
and seven magnetic semimetals. Such calculations are
done on about 1000 compounds in the JARVIS database
(https://www.ctcms.nist.gov/∼knc6/JVASP.html), and
we suspect that more extensive calculations together with
screening on the magnetic ground state can be interest-
ing.
Beyond the calculations across various crystal struc-
ture prototypes, HTP calculations on materials of the
same structural type substituted by different elements
provide also promising candidates and insights on the
2D magnetism.598 For instance, Chittari et al. per-
formed calculations on 54 compounds of the MAX3 type,
where M = V, Cr, Mn, Fe, Co, Ni, A = Si, Ge, Sn,
and X = S, Se, Te. It is observed that most of them
are magnetic, hosting HMs, narrow gap semiconductors,
etc. Importantly, strain is found to be effective to tai-
lor the competition between AFM and FM ordering in
such compounds.599 Similar observations are observed in
in-plane ordered MXene (i-MXene),600 which can be de-
rived from the in-plane ordered MAX compounds with
nano-laminated structures.601 Moreover, our calculations
on the 2D materials of the AB2 (A being TM and B =
Cl, Br, I) indicate that FeI2 is a special case adopting the
2H-type structure while all the neighboring cases have
the 1T-type.602 This might be related to an exotic elec-
tronic state as linear combination of the t2g orbitals in
FeI2 driven by the strong SOC of I atoms.
603 We found
that the band structure of such AB2 compounds is very
sensitive to the value of the effective local Coulomb in-
teraction U applied on the d-bands of TM atoms. This
is by the way a common problem for calculations on 2D
(magnetic) materials, where the screening of Coulomb in-
teraction behave significantly from that in 3D bulk ma-
terials.604
VI. FUTURE PERSPECTIVES
A. Multi-scale modelling
As discussed in previous sections, HTP calculations
based on DFT are capable of evaluating the intrinsic
physical properties, which usually set the upper limits
for practical performance. To make more realistic pre-
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dictions and to directly validate with the experiments,
multi-scale modelling is required. The first issue is to
tackle the thermodynamic properties which can be ob-
tained by evaluating the Gibbs free energy considering
the contributions from the electronic, lattice, and spin de-
grees of freedom. Moreover, the applications of magnetic
materials at elevated temperature dictate the numerical
calculations of the magnetic properties at finite temper-
ature as well, e.g., MAE at finite temperature.116 The
electronic structure will also be renormalized driven by
the thermal fluctuations, e.g., temperature driven topo-
logical phase transition in Bi2Se3.
605
The major challenge for multi-scale modelling is how
to make quantitative predictions for materials with struc-
tural features of large length scales beyond the unit cells,
including both topological defects (e.g., domain wall) and
structural defects (e.g., grain boundary). Taking per-
manent magnets as an example, as indicated in Fig. 1,
both the Mr and Ha cannot reach the corresponding the-
oretical limit of Ms and MAE. MAE (represented by
the lowest-order uniaxial anisotropy K) sets an upper
limit for the intrinsic coercivity 2K/(µ0Ms) as for single-
domain particles via coherent switching,606 whereas the
real coercivity is given by Ha = α2K/(µ0Ms) − βMs,
where α and β are the phenomenological parameters,
driven by complex magnetization switching processes
mostly determined by the microstructures. It is noted
that α is smaller than one (about 0.1-0.3) due to the
extrinsic mechanisms such as inhomogeneity, misaligned
grains, etc., and β accounts for the local demagnetiza-
tion effects.607 This leads to the so-called Brown’s para-
dox.608 That is, the magnetization switching cannot be
considered as ideally a uniform rotation of the magnetic
moments in a single domain, but is significantly influ-
enced by the extrinsic processes such as nucleation and
domain wall pinning,609 which are associated with struc-
tural imperfections at nano-, micro-, and macroscopic
scales.607 Therefore, in addition to screening for novel
candidates for permanent magnets, the majority of the
current research are focusing on how to overcome the
limitations imposed by the microstructures across sev-
eral length scales.610,611
Furthermore, the functionalities of ferroic materials are
mostly enhanced when approaching/crossing the phase
transition boundary, particularly for magneto-structural
transitions of the first-order nature. Upon such struc-
tural phase transitions, microstructures will be developed
to accommodate the crystal structure change, e.g., for-
mation of twin domains due to the loss of point-group
symmetry. Moreover, most FOPT occur without long-
range atomic diffusion, i.e., of the martensitic type, lead-
ing to intriguing and complex kinetics. As indicated
above, what is characteristic to the athermal FOPTs is
the hysteresis, leading to significant energy loss converted
to waste heat during the cooling cycle for MCE materi-
als.33 While hysteresis typically arises as a consequence of
nucleation, in caloric materials it occurs primarily due to
domain-wall pinning, which is the net result of long-range
elastic strain associated with phase transitions of inter-
est. When the hysteresis is too large, the reversibility of
MCE can be hindered. Therefore, there is a great im-
petus to decipher the microstructures developed during
the magneto-structural transitions, particularly the nu-
cleation and growth of coexisting martensitic and austen-
ite phases. For instance, it is observed recently that ma-
terials satisfying the geometric compatibility condition
tend to exhibit lower hysteresis and thus high reversibil-
ity, leading to further stronger cofactor conditions.612
Therefore, in order to engineer magnetic materials for
practical applications, multi-scale modelling is indispens-
able. To this goal, accurate DFT calculations can be per-
formed to obtain essential parameters such as the Heisen-
berg exchange, DMI, SOT, and exchange bias, which
will be fed into the atomistic108 and micromagnetic mod-
elling.22 It is noted that such scale-bridging modelling is
required to develop fundamental understanding of spin-
tronic devices as well. For instance, for the SOT memris-
tors based on the heterostructures composing AFM and
FM materials,275 the key problems are to tackle the origin
of the memristor-like switching behavior driven possibly
by the interplay of FM domain wall propagation/pinning
with the randomly distributed AFM crystalline grains,
and to further engineer the interfacial coupling via com-
binatorial material combinations for optimal device per-
formance.
Given the fact that the computational facilities have
been significantly improved nowadays, HTP predictions
can be straightforwardly made, sometimes too fast in
comparison to the more time-consuming experimental
validation. In this regard, HTP experiments are valu-
able. Goll et al. proposed to use reaction sintering as
an accelerating approach to develop new magnetic ma-
terials,613 which provides a promising solution to verify
the theoretical predictions and to further fabricate the
materials. Such a HTP approach has also been imple-
mented to screen over the compositional space, in order
to achieve optimal MSME performance.614 Nevertheless,
what is really important is a mutual responsive frame-
work combining accurate theoretical calculations and ef-
ficient experimental validation.
B. Machine learning
Another emergent field is materials informatics615
based on advanced analytical machine learning tech-
niques, which can be implemented as the fourth
paradigm616 to map out the process-(micro)structure-
property relationship and thus to accelerate the devel-
opment of materials including the magnetic ones. As the
underlying machine learning is data hungry, it is critical
to curate and manage databases. Although there is in-
creasing availability of materials database such as Mate-
rials Project,8 OQMD,617 and NOMAD,10 the sheer lack
of data is currently a limiting factor. For instance, the
existing databases mentioned above compile mostly the
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chemical compositions and crystal structures, whereas
the physical properties particularly the experimentally
measured results are missing. In this regard, a recent
work trying to collect the experimental TC of FM materi-
als is very interesting, which is achieved based on natural
language processing on the collected literature.618
Following this line, machine learning has been success-
fully applied to model the TC of FM materials, which
is still a challenge for explicit DFT calculations as dis-
cussed above. Dam et al. collected the TC for 108 bi-
nary RE-3d magnets and the database is regressed using
the random forest algorithm.619 27 empirical features are
taken as descriptors with detailed analysis on the feature
relevance. Two recent work620,621 started with the Atom-
Work database622 and used more universal chemical and
structural descriptors. It is observed that the Curie tem-
perature is mostly driven by the chemical composition,
where compounds with polymorphs are to be studied in
detail with structural features. The other properties such
as MAE623 and magnetocaloric performance624 can also
be fitted, which makes it very interesting for the future.
HTP calculations generate a lot of data which can
be further explored using machine learning. This has
been performed on various kinds of materials and phys-
ical properties, as summarized in a recent review.625
Such machine learning modelling has also been applied
on magnetic materials. For instance, based on the for-
mation energies calculated, machine learning has been
used to model not only the thermodynamic stability of
the full Heusler,526,626 half Heusler,627 and quaternary
Heusler628 compounds, but also the spin polarization of
such systems.629
In this sense, machine learning offers a straightfor-
ward solution to model many intrinsic properties of mag-
netic materials, but is still constrained by the lack of
databases. For instance, the TC and TN are collected for
about 10,000 compounds in the AtomWork database,622
with significant uncertainty for compounds with multi-
ple experimental values thus should be used with cau-
tion. In addition, both machine learning modellings of
the TC
620,621 are done based on the random forest al-
gorithm, whereas our test using the Gaussian kernel re-
gression method leads to less satisfactory accuracy. This
implies that the data are quite heterogeneous. Although
our modelling can distinguish the FM and AFM ground
state, it is still unclear about how to predict exact AFM
configuration, which requires a database of magnetic
structures. To the best of our knowledge, there is only
one collection of AFM structures available in the MAGN-
DATA database, where there are 1100 compounds listed
with the corresponding AFM ground states.589 There-
fore, there is a strong impetus to sort out the information
in the literature and to compile a database of magnetic
materials.
Importantly, it is suspected that the interplay of
machine learning and multi-scale modelling will create
even more significant impacts on identifying the process-
structure-property relationships. For instance, phase
field modelling aided with computational thermodynam-
ics can be applied to simulate the microstructure evo-
lution at the mesoscopic scale for both bulk and inter-
faces,630 leading to reliable process-structure mapping.
As demonstrated in a recent work,631 the structure-
property connection for permanent magnets can also
be established based on massive micromagnetic simula-
tions. Thus, HTP calculations performed in a quanti-
tative way can be applied to generate a large database
where the process-structure-property relationship can be
further addressed via machine learning, as there is no uni-
fied formalism based on math or physics to define such
linkages explicitly. Additionally, machine learning in-
teratomic potentials with chemistry accuracy have been
constructed and tested on many materials systems,632
which are helpful to bridge the DFT and molecular dy-
namics simulations at larger length scales. We believe an
extension of such a scheme to parameterize the Heisen-
berg Hamiltonian (Eq. (IV B)) with on-top spin-lattice
dynamics simulations121,223 will be valuable to obtain ac-
curate evaluation of the thermodynamic properties for
magnetic materials.
From the experimental perspective, adaptive design
(i.e., active learning) based on surrogate models has been
successfully applied to guide the optimization of NiTi
shape memory alloys633 and BaTiO3-based piezoelectric
materials.634 Such methods based on Bayesian optimiza-
tion or Gaussian process work on small sample sizes but
with a large space of features, resulting in guidance on
experimental prioritization with greatly reduced number
of experiments. This method can hopefully be applied to
optimizing the performance of the 2-14-1 type magnets,
as the phase diagram and underlying magnetic switch-
ing mechanism based on nucleation is well understood.
Furthermore, the machine learning techniques are valu-
able to automatize advanced characterization. Small an-
gle neutron scattering is a powerful tool to determine
the microstructure of magnetic materials, where machine
learning can be applied to accelerate the experiments.635
Measurements on the spectral properties such as x-ray
magnetic circular dichroism (XMCD) can also be ana-
lyzed on-the-fly in an automated way based on Gaussian
process modelling.636 In this regard, the hyperspectral
images obtained in scanning transmission electronic mi-
croscopy can be exploited by mapping the local atomic
positions and phase decomposition driven by thermody-
namics. That is, not only the local structures but also the
possible grain boundary phases assisted with diffraction
and EELS spectra can be obtained, as recently achieved
in x-ray spectro-microscopy.637,638
VII. SUMMARY
In conclusion, despite the magnetism and magnetic
materials have been investigated based on quantum me-
chanics for almost a hundred years (if properly) marked
by the discovery of electron spin in 1928, it is fair to say
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FIG. 11: Theoretical framework for future materials design
that they are not under full control of us due to the lack
of thorough understanding, as we are facing fundamental
developments marked by progresses on AFM spintronics,
magnetic topological materials, and 2D magnets, and we
are exposed to complex multi-scale problems in magneti-
zation reversal and magneto-structural phase transitions.
Thus, we believe systematic calculations based on the
state-of-the-art first-principles methods on an extensive
list of compounds will at least get the pending issues bet-
ter defined.
Among them, we would emphasize a few urgent and
important aspects as follows,
• integrating the magnetic ground state searching
into the available HTP platforms so that auto-
mated workflow can be defined. There are sev-
eral solutions developed recently as discussed in
Sect. IV C;
• implementation of a feasible DFT+DMFT frame-
work for medium- (if not high-) throughput calcu-
lations. Two essential aspects are the interplay of
Coulomb interaction, SOC, and hybridization and
the treatment of magnetic fluctuations and param-
agnetic states. This is also important for 2D mag-
nets with enhanced quantum and thermal fluctua-
tions;
• consistent framework to evaluate the transport
properties which can be achieved based on accu-
rate tight-binding-like models using Wannier func-
tions;639
• quantitative multi-scale modelling of the magneti-
zation reversal processes and the thermodynamic
properties upon magneto-structural transitions in
order to master hysteresis for permanent magnets
and magnetocaloric materials;
• curation and management of a flexible database of
magnetic materials, ready for machine learning.
Additionally, a common problem not only applica-
ble for magnetic materials but also generally true for
the other classes of materials subjected to property-
optimization is a consistent way to consider substitution
in both the dilute and concentrated limits. There are
widely used methods such as virtual crystal approxima-
tion, coherent potential approximation,640 special quasir-
andom structures,117 cluster expansion,641 etc., but we
have not yet seen HTP calculations done systematically
using such methods to screen for substitutional optimiza-
tion of magnetic materials.
Beyond the bare HTP design, we envision a strong
interplay between HTP, machine learning, and multi-
scale modelling, as sketched in Fig. 11. Machine learn-
ing is known to be data hungry, where HTP calculations
based on DFT can provide enough data. In addition
to the current forward predictions combining HTP and
ML,625 we foresee that inverse design can be realized,642
as highlighted by a recent work on prediction new crystal
structures.643 As mentioned above, the marriage between
HTP and multi-scale modeling helps to construct accu-
rate atomistic models and thus to make the multi-scale
modelling more quantitative and predictive. Last but
not least, it is suspected that the interaction between
machine learning and multi-scale modelling will be valu-
able to understand the microstructures, dubbed as mi-
crostructure informatics.644 Such a theoretical framework
is generic, i.e., applicable to not only magnetic materials
but also the other functional and structural materials.
All in all, HTP calculations based on DFT are valuable
to provide effective screening on interesting achievable
compounds with promising properties, as demonstrated
for magnetic cases in this review. As the HTP method-
ology has been mostly developed in the last decade, we
have still quite a few problems to be solved in order to get
calculations done properly for magnetic materials, in or-
der to be predictive. Concomitant with such an evolution
of applying DFT to tackle materials properties, i.e., with
a transformation from understanding one compound to
defining a workflow, more vibrant research on (magnetic)
materials are expected, particularly combined with the
emergent machine learning and quantitative multi-scale
modelling.
Acknowledgements We appreciate careful proof-
reading and constructive suggestions from Manuel
Richter, Ingo Opahle, and Nuno Fortunato. This
work was supported by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) Project-ID
405553726 TRR 270. Calculations for this research were
conducted on the Lichtenberg high performance com-
puter of TU Darmstadt.
36
1 Aneesh Kumar. Magnets and Magnet Materials: Global
Markets, 2017.
2 Washington D.C. NSTC. Materials Genome Initiative for
Global Competitiveness, 2011.
3 Juan J. de Pablo, Nicholas E. Jackson, Michael A. Webb,
Long-Qing Chen, Joel E. Moore, Dane Morgan, Ryan Ja-
cobs, Tresa Pollock, Darrell G. Schlom, Eric S. Toberer,
James Analytis, Ismaila Dabo, Dean M. DeLongchamp,
Gregory A. Fiete, Gregory M. Grason, Geoffroy Hautier,
Yifei Mo, Krishna Rajan, Evan J. Reed, Efrain Rodriguez,
Vladan Stevanovic, Jin Suntivich, Katsuyo Thornton, and
Ji-Cheng Zhao. New frontiers for the materials genome
initiative. npj Computational Materials, 5(1), December
2019.
4 Mark Fredrick Horstemeyer. Integrated computational
materials engineering (ICME) for metals. John Wiley &
Sons, 2018.
5 Volker Eyert and Kurt Stokbro. European Materials Mod-
elling Council: White paper for standards of modelling
software development, 2016.
6 Jeff Greeley, Thomas F. Jaramillo, Jacob Bonde,
Ib Chorkendorff, and Jens K. Nørskov. Computational
high-throughput screening of electrocatalytic materials
for hydrogen evolution. Nature Materials, 5(11):909–913,
November 2006.
7 Prashun Gorai, Vladan Stevanovic´, and Eric S. Toberer.
Computationally guided discovery of thermoelectric ma-
terials. Nature Reviews Materials, 2(9):17053, August
2017.
8 Anubhav Jain, Joseph Montoya, Shyam Dwaraknath,
Nils E. R. Zimmermann, John Dagdelen, Matthew Hor-
ton, Patrick Huck, Donny Winston, Shreyas Cholia,
Shyue Ping Ong, and Kristin Persson. The Materials
Project: Accelerating Materials Design Through Theory-
Driven Data and Tools. In Wanda Andreoni and Sidney
Yip, editors, Handbook of Materials Modeling, pages 1–
34. Springer International Publishing, Cham, 2018.
9 Stefano Curtarolo, Wahyu Setyawan, Gus L.W. Hart,
Michal Jahnatek, Roman V. Chepulskii, Richard H. Tay-
lor, Shidong Wang, Junkai Xue, Kesong Yang, Ohad Levy,
Michael J. Mehl, Harold T. Stokes, Denis O. Demchenko,
and Dane Morgan. AFLOW: An automatic framework
for high-throughput materials discovery. Computational
Materials Science, 58:218–226, June 2012.
10 Claudia Draxl and Matthias Scheffler. NOMAD: The
FAIR concept for big data-driven materials science. MRS
Bulletin, 43(9):676–682, September 2018.
11 James E. Saal, Scott Kirklin, Muratahan Aykol, Bryce
Meredig, and C. Wolverton. Materials Design and Dis-
covery with High-Throughput Density Functional Theory:
The Open Quantum Materials Database (OQMD). JOM,
65(11):1501–1509, November 2013.
12 Giovanni Pizzi, Andrea Cepellotti, Riccardo Sabatini,
Nicola Marzari, and Boris Kozinsky. AiiDA: automated
interactive infrastructure and database for computational
science. Computational Materials Science, 111:218–230,
January 2016.
13 Kiran Mathew, Joseph H. Montoya, Alireza Faghaninia,
Shyam Dwarakanath, Muratahan Aykol, Hanmei Tang,
Iek-heng Chu, Tess Smidt, Brandon Bocklund, Matthew
Horton, John Dagdelen, Brandon Wood, Zi-Kui Liu, Jef-
frey Neaton, Shyue Ping Ong, Kristin Persson, and Anub-
hav Jain. Atomate: A high-level interface to generate, ex-
ecute, and analyze computational materials science work-
flows. Computational Materials Science, 139:140–152,
November 2017.
14 Helmut Kronmu¨ller and Stuart Parkin, editors.
Handbook of Magnetism and Advanced Magnetic
Materials. John Wiley & Sons, Ltd, Chichester, UK,
December 2007.
15 Robert L Stamps, Stephan Breitkreutz, Johan A˚kerman,
Andrii V Chumak, YoshiChika Otani, Gerrit E W Bauer,
Jan-Ulrich Thiele, Martin Bowen, Sara A Majetich, Math-
ias Kla¨ui, Ioan Lucian Prejbeanu, Bernard Dieny, Nora M
Dempsey, and Burkard Hillebrands. The 2014 Mag-
netism Roadmap. Journal of Physics D: Applied Physics,
47(33):333001, August 2014.
16 D Sander, S O Valenzuela, D Makarov, C H Marrows,
E E Fullerton, P Fischer, J McCord, P Vavassori, S Man-
gin, P Pirro, B Hillebrands, A D Kent, T Jungwirth,
O Gutfleisch, C G Kim, and A Berger. The 2017 Mag-
netism Roadmap. Journal of Physics D: Applied Physics,
50(36):363001, September 2017.
17 E Y Vedmedenko, R K Kawakami, D D Sheka, P Gam-
bardella, A Kirilyuk, A Hirohata, C Binek, O Chubykalo-
Fesenko, S Sanvito, B J Kirby, J Grollier, K Everschor-
Sitte, T Kampfrath, C-Y You, and A Berger. The 2020
magnetism roadmap. Journal of Physics D: Applied
Physics, 53(45):453001, November 2020.
18 Indrani Bose. Quantum magnets: a brief overview.
arXiv:cond-mat/0107399, July 2001. arXiv: cond-
mat/0107399.
19 M. Brando, D. Belitz, F.M. Grosche, and T.R. Kirk-
patrick. Metallic quantum ferromagnets. Reviews of
Modern Physics, 88(2), May 2016.
20 D. S. Inosov. Quantum Magnetism in Minerals. Advances
in Physics, 67(3):149–252, July 2018. arXiv: 1806.10967.
21 Yi Zhou, Kazushi Kanoda, and Tai-Kai Ng. Quantum
spin liquid states. Reviews of Modern Physics, 89(2),
April 2017.
22 R. Skomski. Nanomagnetics. J. Phys.: Condens. Matter,
15:R841, 2003.
23 Denis D Sheka, Oleksandr V Pylypovskyi, Pedro Lan-
deros, Yuri Gaididei, Attila Kakay, and Denys Makarov.
Micromagnetic Theory of Curvilinear Ferromagnetic
Shells. arXiv:1904.02641, page 12, 2019.
24 Roland Wiesendanger. Nanoscale magnetic skyrmions in
metallic films and multilayers: a new twist for spintronics.
Nature Reviews Materials, 1(7), July 2016.
25 Sathiyamoorthi Praveen and Hyoung Seop Kim. High-
Entropy Alloys: Potential Candidates for High-
Temperature Applications - An Overview. Advanced
Engineering Materials, 20(1):1700645, January 2018.
26 N. A. Spaldin and R. Ramesh. Advances in magneto-
electric multiferroics. Nature Materials, 18(3):203–212,
March 2019.
27 Jakob Walowski and Markus Mu¨nzenberg. Perspective:
Ultrafast magnetism and THz spintronics. Journal of
Applied Physics, 120(14):140901, October 2016.
28 Kannan M. Krishnan. Fundamentals and applications
of magnetic materials. Oxford University Press, Ox-
ford, United Kingdom, first edition edition, 2016. OCLC:
37
ocn931626384.
29 J M D Coey. New permanent magnets; manganese
compounds. Journal of Physics: Condensed Matter,
26(6):064211, February 2014.
30 K. H. J. Buschow. Concise Encyclopedia of Magnetic and
Superconducting Materials. Elsevier Science, 2006.
31 Anthony J. Moses. Advanced Soft Magnetic Materials for
Power Applications. In Helmut Kronmu¨ller and Stuart
Parkin, editors, Handbook of Magnetism and Advanced
Magnetic Materials. John Wiley & Sons, Ltd, Chichester,
UK, December 2007.
32 C. Zimm, A. Jastrab, A. Sternberg, V. Pecharsky,
K. Gschneidner, M. Osborne, and I. Anderson. Descrip-
tion and Performance of a Near-Room Temperature Mag-
netic Refrigerator. In Peter Kittel, editor, Advances in
Cryogenic Engineering, pages 1759–1766. Springer US,
Boston, MA, 1998.
33 Tomoyuki Kakeshita, editor. Disorder and strain-induced
complexity in functional materials. Number 148 in
Springer series in materials science. Springer, Heidelberg
; New York, 2012. OCLC: ocn758982389.
34 J. Ping Liu, Eric Fullerton, Oliver Gutfleisch, and D.J.
Sellmyer, editors. Nanoscale Magnetic Materials and
Applications. Springer US, Boston, MA, 2009.
35 Igor Zˇutic´, Jaroslav Fabian, and S. Das Sarma. Spintron-
ics: Fundamentals and applications. Reviews of Modern
Physics, 76(2):323–410, April 2004.
36 Albert Fert and Fre´de´ric Nguyen Van Dau. Spintronics,
from giant magnetoresistance to magnetic skyrmions and
topological insulators. Comptes Rendus Physique, 20(7-
8):817–831, November 2019.
37 T. Jungwirth, X. Marti, P. Wadley, and J. Wunderlich.
Antiferromagnetic spintronics. Nature Nanotechnology,
11(3):231–241, March 2016.
38 M. I. Katsnelson, V. Yu. Irkhin, L. Chioncel, A. I. Licht-
enstein, and R. A. de Groot. Half-metallic ferromagnets:
From band structure to many-body effects. Reviews of
Modern Physics, 80(2):315–378, April 2008.
39 Tomasz Dietl and Hideo Ohno. Dilute ferromagnetic semi-
conductors: Physics and spintronic structures. Reviews of
Modern Physics, 86(1):187–251, March 2014.
40 Charbel Tannous and R. Lawrence Comstock. Magnetic
Information-Storage Materials. In Safa Kasap and Pe-
ter Capper, editors, Springer Handbook of Electronic
and Photonic Materials, pages 1–1. Springer International
Publishing, Cham, 2017.
41 T. E. Graedel, Rachel Barr, Chelsea Chandler, Thomas
Chase, Joanne Choi, Lee Christoffersen, Elizabeth Fried-
lander, Claire Henly, Christine Jun, Nedal T. Nassar,
Daniel Schechner, Simon Warren, Man-yu Yang, and
Charles Zhu. Methodology of Metal Criticality Determi-
nation. Environmental Science & Technology, 46(2):1063–
1070, January 2012.
42 J. F. Herbst. R 2 Fe 14 B materials: Intrinsic properties
and technological aspects. Reviews of Modern Physics,
63(4):819–898, October 1991.
43 Steven Chu. Critical Materials Strategy, 2011.
44 Karen Smith Stegen. Heavy rare earths, permanent mag-
nets, and renewable energies: An imminent crisis. Energy
Policy, 79:1–8, April 2015.
45 Kirstin Alberi, Marco Buongiorno Nardelli, Andriy Zaku-
tayev, Lubos Mitas, Stefano Curtarolo, Anubhav Jain,
Marco Fornari, Nicola Marzari, Ichiro Takeuchi, Mar-
tin L Green, Mercouri Kanatzidis, Mike F Toney, Sergiy
Butenko, Bryce Meredig, Stephan Lany, Ursula Kattner,
Albert Davydov, Eric S Toberer, Vladan Stevanovic, Aron
Walsh, Nam-Gyu Park, Ala´n Aspuru-Guzik, Daniel P
Tabor, Jenny Nelson, James Murphy, Anant Setlur,
John Gregoire, Hong Li, Ruijuan Xiao, Alfred Ludwig,
Lane W Martin, Andrew M Rappe, Su-Huai Wei, and
John Perkins. The 2019 materials by design roadmap.
Journal of Physics D: Applied Physics, 52(1):013001, Jan-
uary 2019.
46 Harish K. Singh, Zeying Zhang, Ingo Opahle, Do-
minik Ohmer, Yugui Yao, and Hongbin Zhang. High-
Throughput Screening of Magnetic Antiperovskites.
Chemistry of Materials, 30(20):6983–6991, October 2018.
47 Wenhao Sun, Aaron Holder, Bernardo Orvan˜anos, Elis-
abetta Arca, Andriy Zakutayev, Stephan Lany, and
Gerbrand Ceder. Thermodynamic Routes to Novel
Metastable Nitrogen-Rich Nitrides. Chemistry of
Materials, 29(16):6936–6946, August 2017.
48 H. L. Lukas, Suzana G. Fries, and Bo Sund-
man. Computational thermodynamics: the CALPHAD
method. Cambridge University Press, Cambridge ; New
York, 2007. OCLC: ocm85829278.
49 F. Jime´nez-Villacorta, J. L. Marion, T. Sepehrifar,
M. Daniil, M. A. Willard, and L. H. Lewis. Exchange
anisotropy in the nanostructured MnAl system. Applied
Physics Letters, 100(11):112408, March 2012.
50 Anubhav Jain, Geoffroy Hautier, Shyue Ping Ong,
Charles J. Moore, Christopher C. Fischer, Kristin A. Pers-
son, and Gerbrand Ceder. Formation enthalpies by mix-
ing GGA and GGA + U calculations. Physical Review B,
84(4), July 2011.
51 H Eschrig, M Sargolzaei, K Koepernik, and M Richter.
Orbital polarization in the Kohn-Sham-Dirac theory.
Europhysics Letters (EPL), 72(4):611–617, November
2005.
52 Max Born. On the stability of crystal lattices.
I. Mathematical Proceedings of the Cambridge
Philosophical Society, 36(2):160–172, April 1940.
53 Max Born and Kun Huang. Dynamical theory of crystal
lattices. Oxford at the Clarendon Press, 1954.
54 Michael J. Mehl, David Hicks, Cormac Toher, Ohad Levy,
Robert M. Hanson, Gus Hart, and Stefano Curtarolo. The
AFLOW Library of Crystallographic Prototypes: Part 1.
Computational Materials Science, 136:S1–S828, August
2017.
55 David Hicks, Michael J. Mehl, Eric Gossett, Cormac To-
her, Ohad Levy, Robert M. Hanson, Gus Hart, and Ste-
fano Curtarolo. The AFLOW Library of Crystallographic
Prototypes: Part 2. arXiv:1806.07864 [cond-mat], June
2018. arXiv: 1806.07864.
56 Prasanna V. Balachandran, Antoine A. Emery, James E.
Gubernatis, Turab Lookman, Chris Wolverton, and Alex
Zunger. Predictions of new AB O 3 perovskite compounds
by combining machine learning and density functional
theory. Physical Review Materials, 2(4), April 2018.
57 Stefano Sanvito, Corey Oses, Junkai Xue, Anurag Tiwari,
Mario Zic, Thomas Archer, Pelin Tozman, Munuswamy
Venkatesan, Michael Coey, and Stefano Curtarolo. Ac-
celerated discovery of new magnets in the Heusler alloy
family. Science Advances, 3(4):e1602241, April 2017.
58 Artem R. Oganov and Colin W. Glass. Crystal structure
prediction using ab initio evolutionary techniques: Prin-
ciples and applications. The Journal of Chemical Physics,
38
124(24):244704, June 2006.
59 Andriy O. Lyakhov, Artem R. Oganov, Harold T. Stokes,
and Qiang Zhu. New developments in evolutionary struc-
ture prediction algorithm USPEX. Computer Physics
Communications, 184(4):1172–1182, April 2013.
60 Yanchao Wang, Jian Lv, Quan Li, Hui Wang, and Yan-
ming Ma. CALYPSO Method for Structure Prediction
and Its Applications to Materials Discovery. In Wanda
Andreoni and Sidney Yip, editors, Handbook of Materials
Modeling, pages 1–28. Springer International Publishing,
Cham, 2019.
61 S. Arapan, P. Nieves, H. C. Herper, and D. Legut.
Computational screening of Fe-Ta hard magnetic phases.
Physical Review B, 101(1), January 2020.
62 Easo P. George, Dierk Raabe, and Robert O. Ritchie.
High-entropy alloys. Nature Reviews Materials, 4(8):515–
534, August 2019.
63 Toru Moriya. Spin Fluctuations in Itinerant Electron
Magnetism. Springer Berlin, Berlin, 2014. OCLC:
878979017.
64 W. Heisenberg. Zur Theorie des Ferromagnetismus. Z.
Phys., 49:619, 1928.
65 J M Santiago, C-L Huang, and E Morosan. Itinerant
magnetic metals. Journal of Physics: Condensed Matter,
29(37):373002, September 2017.
66 Pierre Weiss. L’hypothe`se du champ mole´culaire et la pro-
prie´te´ ferromagne´tique. Journal de Physique The´orique et
Applique´e, 6(1):661–690, 1907.
67 Wolfgang Nolting and Anupuru Ramakanth. Quantum
Theory of Magnetism. Springer Berlin Heidelberg, Berlin,
Heidelberg, 2009.
68 E.C. Stoner. Collective electron ferromagnetism.
Proceedings of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 165:372, 1938.
69 Ju¨rgen Ku¨bler. Theory of Itinerant Electron Magnetism.
Oxford University Press, 2000.
70 Eva Pavarini and Institute for Advanced Simulation,
editors. Emergent phenomena in correlated matter:
lecture notes of the Autumn School Correlated Electrons
2013 at Forschungszentrum Ju¨lich, 23 – 27 September
2013. Number 3 in Schriften des Forschungszentrums
Ju¨lich Reihe Modeling and Simulation. Forschungszen-
trum Ju¨lich, Ju¨lich, 2013. OCLC: 862816584.
71 Patrik Fazekas. Lecture notes on electron correlation and
magnetism.pdf, volume 5 of Series in Modern condensed
matter physics. World Scientific, 1999.
72 Antoine Georges, Gabriel Kotliar, Werner Krauth, and
Marcelo J. Rozenberg. Dynamical mean-field theory of
strongly correlated fermion systems and the limit of in-
finite dimensions. Reviews of Modern Physics, 68(1):13–
125, January 1996.
73 S. L. Skornyakov, V. S. Protsenko, V. I. Anisimov,
and A. A. Katanin. Electronic correlations, spectral
and magnetic properties of ZrZn$ 2$. arXiv:2003.03288
[cond-mat], March 2020. arXiv: 2003.03288.
74 Gabriel Kotliar and Dieter Vollhardt. Strongly Correlated
Materials: Insights From Dynamical Mean-Field Theory.
Physics Today, 57:53, 2004.
75 Shintaro Hoshino and Yoshio Kuramoto. Itinerant Versus
Localized Heavy-Electron Magnetism. Physical Review
Letters, 111(2), July 2013.
76 A. I. Liechtenstein, V. I. Anisimov, and J. Zaanen.
Density-functional theory and strong interactions: Or-
bital ordering in Mott-Hubbard insulators. Physical
Review B, 52(8):R5467–R5470, August 1995.
77 A. Galler, C. Taranto, M. Wallerberger, M. Kaltak,
G. Kresse, G. Sangiovanni, A. Toschi, and K. Held.
Screened moments and absence of ferromagnetism in
FeAl. Physical Review B, 92(20), November 2015.
78 E L Peltzer y Blanca´, C O Rodr´ıguez, J Shitu, and
D L Novikov. Degree of localization of the exchange-
correlation hole and its influence on the ground-state
(structural and magnetic) properties of d metals. Journal
of Physics: Condensed Matter, 13(42):9463–9470, Octo-
ber 2001.
79 Michael E McHenry, Matthew A Willard, and David E
Laughlin. Amorphous and nanocrystalline materials for
applications as soft magnets. Progress in Materials
Science, 44(4):291–433, October 1999.
80 J. H. Van Vleck. Note on the Interactions between the
Spins of Magnetic Ions or Nuclei in Metals. Reviews of
Modern Physics, 34(4):681–686, October 1962.
81 Junjiro Kanamori. Superexchange interaction and sym-
metry properties of electron orbitals. Journal of Physics
and Chemistry of Solids, 10(2-3):87–98, July 1959.
82 Ingo Opahle, Harish K. Singh, Jan Zemen, Oliver Gut-
fleisch, and Hongbin Zhang. Effect of N, C, and B inter-
stitials on the structural and magnetic properties of alloys
with Cu 3 Au structure. Physical Review Research, 2(2),
May 2020.
83 Jianhua Ma, Vinay I. Hegde, Kamaram Munira, Yunkun
Xie, Sahar Keshavarz, David T. Mildebrath, C. Wolver-
ton, Avik W. Ghosh, and W. H. Butler. Computational
investigation of half-Heusler compounds for spintronics
applications. Physical Review B, 95(2):024411, January
2017.
84 Matthew Kristofer Horton, Joseph Harold Montoya, Miao
Liu, and Kristin Aslaug Persson. High-throughput pre-
diction of the ground-state collinear magnetic order of in-
organic materials using Density Functional Theory. npj
Computational Materials, 5(1):64, December 2019.
85 Adam Payne, Guillermo Avendan˜o-Franco, Eric Bous-
quet, and Aldo H. Romero. Firefly Algorithm Ap-
plied to Noncollinear Magnetic Phase Materials Predic-
tion. Journal of Chemical Theory and Computation,
14(8):4455–4466, August 2018.
86 Fawei Zheng and Ping Zhang. MagGene: A ge-
netic evolution program for magnetic structure predic-
tion. arXiv:2003.05650 [cond-mat], March 2020. arXiv:
2003.05650.
87 Hongjun Xiang, Changhoon Lee, Hyun-Joo Koo, Xingao
Gong, and Myung-Hwan Whangbo. Magnetic properties
and energy-mapping analysis. Dalton Trans., 42(4):823–
853, 2013.
88 Louis Noodleman. Valence bond description of antiferro-
magnetic coupling in transition metal dimers. The Journal
of Chemical Physics, 74(10):5737–5743, May 1981.
89 Kizashi Yamaguchi, Yoichi Takahara, Takayuki Fueno,
and Keiichiro Nasu. Ab Initio MO Calculations of Effec-
tive Exchange Integrals between Transition-Metal Ions via
Oxygen Dianions: Nature of the Copper-Oxygen Bonds
and Superconductivity. Japanese Journal of Applied
Physics, 26(Part 2, No. 8):L1362–L1364, August 1987.
90 H. J. Xiang, E. J. Kan, Su-Huai Wei, M.-H. Whangbo,
and X. G. Gong. Predicting the spin-lattice order of frus-
trated systems from first principles. Physical Review B,
84(22), December 2011.
91 Kira Riedl, Ying Li, Roser Valent´ı, and Stephen M. Win-
39
ter. Ab Initio Approaches for Low-Energy Spin Hamiltoni-
ans. physica status solidi (b), 256(9):1800684, September
2019.
92 Dm. M. Korotin, V. V. Mazurenko, V. I. Anisimov, and
S. V. Streltsov. Calculation of exchange constants of the
Heisenberg model in plane-wave-based methods using the
Green’s function approach. Physical Review B, 91(22),
June 2015.
93 P. H. Dederichs, S. Blu¨gel, R. Zeller, and H. Akai. Ground
States of Constrained Systems: Application to Cerium
Impurities. Physical Review Letters, 53(26):2512–2515,
December 1984.
94 L M Sandratskii. Symmetry analysis of electronic states
for crystals with spiral magnetic order. I. General proper-
ties. Journal of Physics: Condensed Matter, 3(44):8565–
8585, November 1991.
95 Marjana Lezˇaic´, Phivos Mavropoulos, Gustav Bihlmayer,
and Stefan Blu¨gel. Exchange interactions and local-
moment fluctuation corrections in ferromagnets at finite
temperatures based on noncollinear density-functional
calculations. Physical Review B, 88(13), October 2013.
96 A.I. Liechtenstein, M.I. Katsnelson, V.P. Antropov, and
V.A. Gubanov. Local spin density functional approach
to the theory of exchange interactions in ferromagnetic
metals and alloys. Journal of Magnetism and Magnetic
Materials, 67(1):65–74, May 1987.
97 A. Secchi, A.I. Lichtenstein, and M.I. Katsnelson. Mag-
netic interactions in strongly correlated systems: Spin
and orbital contributions. Annals of Physics, 360:61–97,
September 2015.
98 L. Udvardi, L. Szunyogh, K. Palota´s, and P. Wein-
berger. First-principles relativistic study of spin waves in
thin magnetic films. Physical Review B, 68(10):104436,
September 2003.
99 La´szlo´ Oroszla´ny, Jaime Ferrer, Andra´s Dea´k, La´szlo´
Udvardi, and La´szlo´ Szunyogh. Exchange interactions
from a nonorthogonal basis set: From bulk ferromagnets
to the magnetism in low-dimensional graphene systems.
Physical Review B, 99(22), June 2019.
100 Helmut Eschrig. T > 0 ensemble-state density func-
tional theory via Legendre transform. Physical Review
B, 82(20):205120, November 2010.
101 V. P. Antropov, M. I. Katsnelson, M. van Schilfgaarde,
and B. N. Harmon. Ab Initio Spin Dynamics in Magnets.
Physical Review Letters, 75(4):729–732, July 1995.
102 M. Pajda, J. Kudrnovsky´, I. Turek, V. Drchal, and
P. Bruno. Ab initio calculations of exchange interactions,
spin-wave stiffness constants, and Curie temperatures of
Fe, Co, and Ni. Physical Review B, 64(17), October 2001.
103 F. Dietermann, L.M. Sandratskii, and M. Fa¨hnle. On
the energetics of transversal and longitudinal fluctuations
of atomic magnetic moments. Journal of Magnetism and
Magnetic Materials, 324(18):2693–2695, September 2012.
104 Michael Uhl and Jurgen Kubler. Exchange-Coupled Spin-
Fluctuation Theory: Application to Fe, Co, and Ni.
PHYSICAL REVIEW LETTERS, 77(2):4, 1996.
105 F. Ko¨rmann, A. Dick, T. Hickel, and J. Neugebauer.
Rescaled Monte Carlo approach for magnetic systems: Ab
initio thermodynamics of bcc iron. Physical Review B,
81(13), April 2010.
106 Joseph Barker and Gerrit E. W. Bauer. Semiquan-
tum thermodynamics of complex ferrimagnets. Physical
Review B, 100(14), October 2019.
107 Richard F. L. Evans. Atomistic Spin Dynamics. In Wanda
Andreoni and Sidney Yip, editors, Handbook of Materials
Modeling, pages 1–23. Springer International Publishing,
Cham, 2018.
108 Olle Eriksson, Anders Bergman, Lars Bergqvist, and Jo-
han Hellsvik. Atomistic spin dynamics: foundations and
applications. Oxford University Press, Oxford, first edi-
tion edition, 2017. OCLC: ocn979750476.
109 T Hickel, B Grabowski, F Ko¨rmann, and J Neugebauer.
Advancing density functional theory to finite tempera-
tures: methods and applications in steel design. Journal
of Physics: Condensed Matter, 24(5):053202, February
2012.
110 I.A. Abrikosov, A.V. Ponomareva, P. Steneteg, S.A.
Barannikova, and B. Alling. Recent progress in simu-
lations of the paramagnetic state of magnetic materials.
Current Opinion in Solid State and Materials Science,
20(2):85–106, April 2016.
111 B. L. Gyorffy, A J Pindor, J. B. Staunton, G. M. Stocks,
and H Winter. A first-principles theory of ferromag-
netic phase transitions in metals. J. Phys. F: Met. Phys.,
15:1337, 1985.
112 Eduardo Mendive-Tapia and Julie B. Staunton. Ab ini-
tio theory of the Gibbs free energy and a hierarchy of
local moment correlation functions in itinerant electron
systems: The magnetism of the Mn 3 A materials class.
Physical Review B, 99(14), April 2019.
113 J Korringa. On the calculation of the energy of a Bloch
wave in a metal. Physica, 13(6-7):392–400, August 1947.
114 W. Kohn and N. Rostoker. Solution of the Schro¨dinger
Equation in Periodic Lattices with an Application to
Metallic Lithium. Physical Review, 94(5):1111–1120,
June 1954.
115 J. B. Staunton, S. Ostanin, S. S. A. Razee, B. L. Gyorffy,
L. Szunyogh, B. Ginatempo, and Ezio Bruno. Tempera-
ture Dependent Magnetic Anisotropy in Metallic Magnets
from an Ab Initio Electronic Structure Theory: L 1 0 -
Ordered FePt. Physical Review Letters, 93(25), December
2004.
116 Christopher E. Patrick and Julie B. Staunton. Rare-
earth/transition-metal magnets at finite temperature:
Self-interaction-corrected relativistic density functional
theory in the disordered local moment picture. Physical
Review B, 97(22), June 2018.
117 Alex Zunger, S.-H. Wei, L. G. Ferreira, and James E.
Bernard. Special quasirandom structures. Physical
Review Letters, 65(3):353–356, July 1990.
118 B. Alling, T. Marten, and I. A. Abrikosov. Effect of mag-
netic disorder and strong electron correlations on the ther-
modynamics of CrN. Physical Review B, 82(18), Novem-
ber 2010.
119 F. Ko¨rmann, B. Grabowski, B. Dutta, T. Hickel,
L. Mauger, B. Fultz, and J. Neugebauer. Temperature De-
pendent Magnon-Phonon Coupling in bcc Fe from Theory
and Experiment. Physical Review Letters, 113(16), Oc-
tober 2014.
120 Nina Shulumba, Bjo¨rn Alling, Olle Hellman, Elham
Mozafari, Peter Steneteg, Magnus Ode´n, and Igor A.
Abrikosov. Vibrational free energy and phase stability
of paramagnetic and antiferromagnetic CrN from ab ini-
tio molecular dynamics. Physical Review B, 89(17), May
2014.
121 Pui-Wai Ma and S. L. Dudarev. Atomistic Spin-Lattice
Dynamics. In Wanda Andreoni and Sidney Yip, editors,
Handbook of Materials Modeling, pages 1–19. Springer
40
International Publishing, Cham, 2018.
122 Irina Stockem, Anders Bergman, Albert Glensk, Tilmann
Hickel, Fritz Ko¨rmann, Blazej Grabowski, Jo¨rg Neuge-
bauer, and Bjo¨rn Alling. Anomalous Phonon Lifetime
Shortening in Paramagnetic CrN Caused by Spin-Lattice
Coupling: A Combined Spin and Ab Initio Molecular Dy-
namics Study. Physical Review Letters, 121(12), Septem-
ber 2018.
123 Kristjan Haule, Chuck-Hou Yee, and Kyoo Kim. Dynam-
ical mean-field theory within the full-potential methods:
Electronic structure of CeIrIn 5 , CeCoIn 5 , and CeRhIn
5. Physical Review B, 81(19), May 2010.
124 Kristjan Haule and Turan Birol. Free Energy from Sta-
tionary Implementation of the DFT + DMFT Functional.
Physical Review Letters, 115(25):256402, December 2015.
125 Qiang Han, Turan Birol, and Kristjan Haule. Phonon
Softening due to Melting of the Ferromagnetic Order in
Elemental Iron. Physical Review Letters, 120(18):187203,
May 2018.
126 R. Arita, J. Kunesˇ, A. V. Kozhevnikov, A. G. Eguiluz,
and M. Imada. Ab initio Studies on the Interplay between
Spin-Orbit Interaction and Coulomb Correlation in Sr 2
IrO 4 and Ba 2 IrO 4. Physical Review Letters, 108(8),
February 2012.
127 P. Bruno. Magnetization and Curie Temperature of Fer-
romagnetic Ultrathin Films: The Influence of Magnetic
Anisotropy and Dipolar Interactions (invited). MRS
Proceedings, 231, January 1991.
128 H.B. Callen and E. Callen. THE PRESENT STATUS OF
THE TEMPERATURE DEPENDENCE OF MAGNE-
TOCRYSTALLINE ANISOTROPY, AND THE l(l+1)/2
POWER LAW. J. Phys. Chem. Solids., 27:1271, 1966.
129 Peter Schwerdtfeger. Relativistic Electronic Structure
Theory - Part 2. Applications, volume 14 of Theoretical
and Computational Chemistry. Elsevier, 2004.
130 Manuel Richter. Chapter 2 Density functional theory ap-
plied to 4f and 5f elements and metallic compounds. In
Handbook of Magnetic Materials, volume 13, pages 87–
228. Elsevier, 2001.
131 Manuel Richter. Band structure theory of magnetism in
3d-4f compounds. Journal of Physics D: Applied Physics,
31(9):1017–1048, May 1998.
132 Robert Schaffer, Eric Kin-Ho Lee, Bohm-Jung Yang, and
Yong Baek Kim. Recent progress on correlated elec-
tron systems with strong spin–orbit coupling. Reports
on Progress in Physics, 79(9):094504, September 2016.
133 Dario Bercioux and Procolo Lucignano. Quantum trans-
port in Rashba spin–orbit materials: a review. Reports
on Progress in Physics, 78(10):106001, October 2015.
134 M. D. Kuz’min and Manuel Richter. Magnetic Anisotropy
Calculations: Materials of Technological Interest. In
Encyclopedia of Materials: Science and Technology, pages
1–7. Elsevier, Oxford, 2nd edition, 2007.
135 Gerrit van der Laan. Microscopic origin of magnetocrys-
talline anisotropy in transition metal thin films. Journal
of Physics: Condensed Matter, 10(14):3239–3253, April
1998.
136 Patrick Bruno. Tight-binding approach to the orbital
magnetic moment and magnetocrystalline anisotropy
of transition-metal monolayers. Physical Review B,
39(1):865–868, January 1989.
137 James E. Huheey, Ellen A. Keiter, and Richard L.
Keiter. Inorganic Chemistry: Principles of Structure and
Reactivity. Harper Collins College Publishers, 1997.
138 A. Jesche, R.W. McCallum, S. Thimmaiah, J.L. Ja-
cobs, V. Taufour, A. Kreyssig, R.S. Houk, S.L. Bud’ko,
and P.C. Canfield. Giant magnetic anisotropy and tun-
nelling of the magnetization in Li2(Li1xFe x )N. Nature
Communications, 5(1):3333, December 2014.
139 Jie-Xiang Yu and Jiadong Zang. Giant perpendicular
magnetic anisotropy in Fe/III-V nitride thin films. Science
Advances, 4(3):7814, March 2018.
140 Alessandro Lunghi and Stefano Sanvito. Surfing Multiple
Conformation-Property Landscapes via Machine Learn-
ing: Designing Single-Ion Magnetic Anisotropy. The
Journal of Physical Chemistry C, 124(10):5802–5806,
March 2020.
141 G. H. O. Daalderop, P. J. Kelly, and M. F. H. Schuur-
mans. First-principles calculation of the magnetocrys-
talline anisotropy energy of iron, cobalt, and nickel.
Physical Review B, 41(17):11919–11937, June 1990.
142 G. H. O. Daalderop, P. J. Kelly, and M. F. H. Schu-
urmans. Magnetocrystalline anisotropy and orbital mo-
ments in transition-metal compounds. Physical Review
B, 44(21):12054–12057, December 1991.
143 Junfeng Qiao and Weisheng Zhao. Efficient technique for
ab-initio calculation of magnetocrystalline anisotropy en-
ergy. Computer Physics Communications, 238:203–213,
May 2019.
144 Liqin Ke. Intersublattice magnetocrystalline anisotropy
using a realistic tight-binding method based on maximally
localized Wannier functions. Physical Review B, 99(5),
February 2019.
145 J.M.D. Coey. Permanent magnets: Plugging the gap.
Scripta Materialia, 67(6):524–529, September 2012.
146 R. Skomski and D.J. Sellmyer. Anisotropy of rare-earth
magnets. Journal of Rare Earths, 27(4):675–679, August
2009.
147 M.D. Kuz’min and A.M. Tishin. Chapter Three Theory of
Crystal-Field Effects in 3d-4f Intermetallic Compounds.
In Handbook of Magnetic Materials, volume 17, pages
149–233. Elsevier, 2007.
148 J. Trygg, B. Johansson, O. Eriksson, and J. M.
Wills. Total Energy Calculation of the Magnetocrys-
talline Anisotropy Energy in the Ferromagnetic 3 d Met-
als. Physical Review Letters, 75(15):2871–2874, October
1995.
149 Ileana G. Rau, Susanne Baumann, Pietro Gambardella,
Andreas J. Heinrich, and Harald Brune. Reaching the
magnetic anisotropy limit of a 3d metal atom. Science,
344(6187):988, 2014.
150 Ruijuan Xiao, Daniel Fritsch, Michael D. Kuz’min, Klaus
Koepernik, Helmut Eschrig, Manuel Richter, Knut Vietze,
and Gotthard Seifert. Co Dimers on Hexagonal Carbon
Rings Proposed as Subnanometer Magnetic Storage Bits.
Physical Review Letters, 103(18), October 2009.
151 Till Burkert, Lars Nordstro¨m, Olle Eriksson, and Olle
Heinonen. Giant Magnetic Anisotropy in Tetragonal FeCo
Alloys. Physical Review Letters, 93(2):027203, 2004.
152 H. Akai. Maximum performance of permanent magnet
materials. Scripta Materialia, 154:300–304, September
2018.
153 Jeotikanta Mohapatra and Jia Ping Liu. Rare-Earth-Free
Permanent Magnets: The Past and Future. In Handbook
of Magnetic Materials, volume 27, pages 1–57. Elsevier,
2018.
154 A. J. J. Koch, P. Hokkeling, M. G. v. d. Steeg, and K. J.
de Vos. New Material for Permanent Magnets on a Base
41
of Mn and Al. Journal of Applied Physics, 31(5):S75–S77,
May 1960.
155 P. Kharel, V. R. Shah, R. Skomski, J. E. Shield, and
D. J. Sellmyer. Magnetism of MnBi-Based Nanomaterials.
IEEE Transactions on Magnetics, 49(7):3318–3321, July
2013.
156 H. Kurt, K. Rode, M. Venkatesan, P. Stamenov, and
J. M. D. Coey. High spin polarization in epitaxial films of
ferrimagnetic Mn 3 Ga. Physical Review B, 83(2), Jan-
uary 2011.
157 Yoshitaro Nos&eacute;, Ayako Kushida, Teruyuki Ikeda,
Hideo Nakajima, Katsushi Tanaka, and Hiroshi Nu-
makura. Re-examination of Phase Diagram of Fe-Pt Sys-
tem. MATERIALS TRANSACTIONS, 44(12):2723–2731,
2003.
158 J. Pauleve´, D. Dautreppe, J. Laugier, and L. Ne´el. Une
nouvelle transition ordre-de´sordre dans Fe-Ni (50-50 ).
Journal de Physique et le Radium, 23(10):841–843, 1962.
159 Sho Goto, Hiroaki Kura, Eiji Watanabe, Yasushi Hayashi,
Hideto Yanagihara, Yusuke Shimada, Masaki Mizuguchi,
Koki Takanashi, and Eiji Kita. Synthesis of single-
phase L10-FeNi magnet powder by nitrogen insertion and
topotactic extraction. Scientific Reports, 7(1), December
2017.
160 K.H. Jack. The occurrence and the crystal structure of ”
-iron nitride; a new type of interstitial alloy formed during
the tempering of nitrogen-martensite. Proc. R. Soc. Lond.
A, 208(1093):216–224, 1951.
161 Hongbin Zhang, Imants Dirba, Tim Helbig, Lambert Alff,
and Oliver Gutfleisch. Engineering perpendicular mag-
netic anisotropy in Fe via interstitial nitrogenation: N
choose K. APL Materials, 4(11):116104, November 2016.
162 I.A. Zhuravlev, V.P. Antropov, and K.D. Belashchenko.
Spin-Fluctuation Mechanism of Anomalous Temperature
Dependence of Magnetocrystalline Anisotropy in Itiner-
ant Magnets. Physical Review Letters, 115(21), Novem-
ber 2015.
163 A S Ermolenko. -EXCHANGE INTERACTIONS
AND MAGmT0CRYSTAIC;LINEANISOTROPY OF
RARE EARTH COBALT COE’OUNDS WITH CaCu5-
TYPES!i!RUC!I’U€fE. IEEE Transactions on Magnetics,
MAG-15(6):1765, 1979.
164 J Schweizer and F Tasset. Polarised neutron study of the
RCo 5 intermetallic compounds. I. The cobalt magneti-
sation in YCo 5. Journal of Physics F: Metal Physics,
10(12):2799–2817, December 1980.
165 E. A. Nesbitt, H. J. Williams, J. H. Wernick, and R. C.
Sherwood. Magnetic Moments of Intermetallic Com-
pounds of Transition and Rare-Earth Elements. Journal
of Applied Physics, 33(5):1674–1678, May 1962.
166 Takashi Miyake and Hisazumi Akai. Quantum Theory of
Rare-Earth Magnets. Journal of the Physical Society of
Japan, 87(4):041009, April 2018.
167 Zhao Tie-song, Jin Han-min, Guo Guang-hua, Han Xiu-
feng, and Chen Hong. Magnetic properties of R ions in R
Co 5 compounds ( R =Pr, Nd, Sm, Gd, Tb, Dy, Ho, and
Er). Physical Review B, 43(10):8593–8598, April 1991.
168 Yuta Toga, Munehisa Matsumoto, Seiji Miyashita,
Hisazumi Akai, Shotaro Doi, Takashi Miyake, and
Akimasa Sakuma. Monte Carlo analysis for finite-
temperature magnetism of Nd 2 Fe 14 B permanent mag-
net. Physical Review B, 94(17), November 2016.
169 Christopher E Patrick, Santosh Kumar, Kathrin Go¨tze,
Matthew J Pearce, John Singleton, George Rowlands,
Geetha Balakrishnan, Martin R Lees, Paul A Goddard,
and Julie B Staunton. Field-induced canting of magnetic
moments in GdCo 5 at finite temperature: first-principles
calculations and high-field measurements. Journal of
Physics: Condensed Matter, 30(32):32LT01, August 2018.
170 Holger Kohlmann, Thomas C. Hansen, and Vivian Nassif.
Magnetic Structure of SmCo 5 from 5 K to the Curie Tem-
perature. Inorganic Chemistry, 57(4):1702–1704, Febru-
ary 2018.
171 Lars Nordstro¨m, Olle Eriksson, M. S. S. Brooks, and Bo¨rje
Johansson. Theory of ferromagnetism in CeCo 5. Physical
Review B, 41(13):9111–9120, May 1990.
172 J. Ph. Schille´, F. Bertran, M. Finazzi, Ch. Brouder, J. P.
Kappler, and G. Krill. 4 f orbital and spin magnetism
in cerium intermetallic compounds studied by magnetic
circular x-ray dichroism. Physical Review B, 50(5):2985–
2989, August 1994.
173 Wolfgang Ko¨rner, Georg Krugel, Daniel F. Urban, and
Christian Elsa¨sser. Screening of rare-earth-lean inter-
metallic 1-11 and 1-11-X compounds of YNi 9 In 2 -
type for hard-magnetic applications. Scripta Materialia,
154:295–299, September 2018.
174 Yosuke Harashima, Taro Fukazawa, Hiori Kino, and
Takashi Miyake. Effect of R-site substitution and the
pressure on stability of R Fe 12: A first-principles study.
Journal of Applied Physics, 124(16):163902, October
2018.
175 P Larson and I.I. Mazin. 03 larson-SmCo5.pdf. Journal
of Applied Physics, 93(10):6888, 2003.
176 Fei Zhou and V. Ozolin¸sˇ. Obtaining correct orbital ground
states in f -electron systems using a nonspherical self-
interaction-corrected LDA + U method. Physical Review
B, 80(12), September 2009.
177 Laura Gagliardi and Bj?rn O. Roos. Multiconfigurational
quantum chemical methods for molecular systems con-
taining actinides. Chemical Society Reviews, 36(6):893,
2007.
178 Willem Van den Heuvel, Simone Calvello, and Alessan-
dro Soncini. Configuration-averaged 4f orbitals in
ab initio calculations of low-lying crystal field lev-
els in lanthanide( <span style=”font-variant:small-
caps;”>iii</span> ) complexes. Physical Chemistry
Chemical Physics, 18(23):15807–15814, 2016.
179 Ryan D. Reynolds and Toru Shiozaki. Zero-Field Split-
ting Parameters from Four-Component Relativistic Meth-
ods. Journal of Chemical Theory and Computation,
15(3):1560–1571, March 2019.
180 Y. Lu, M. Ho¨ppner, O. Gunnarsson, and M. W.
Haverkort. Efficient real-frequency solver for dynamical
mean-field theory. Physical Review B, 90(8):085102, Au-
gust 2014.
181 Pascal Delange, Silke Biermann, Takashi Miyake, and
Leonid Pourovskii. Crystal-field splittings in rare-earth-
based hard magnets: An ab initio approach. Physical
Review B, 96(15), October 2017.
182 Jian-Xin Zhu, Marc Janoschek, Richard Rosenberg, Filip
Ronning, J.D. Thompson, Michael A. Torrez, Eric D.
Bauer, and Cristian D. Batista. LDA + DMFT Ap-
proach to Magnetocrystalline Anisotropy of Strong Mag-
nets. Physical Review X, 4(2), May 2014.
183 Hongbin Zhang, Kristjan Haule, and David Vanderbilt.
Effective J = 1 / 2 Insulating State in Ruddlesden-Popper
Iridates: An LDA + DMFT Study. Physical Review
Letters, 111(24), December 2013.
42
184 Hongbin Zhang, Kristjan Haule, and David Vanderbilt.
Metal-Insulator Transition and Topological Properties of
Pyrochlore Iridates. Physical Review Letters, 118(2), Jan-
uary 2017.
185 M. Potthoff, M. Aichhorn, and C. Dahnken. Variational
Cluster Approach to Correlated Electron Systems in Low
Dimensions. Physical Review Letters, 91(20), November
2003.
186 Hiroshi Watanabe, Tomonori Shirakawa, and Seiji
Yunoki. Microscopic Study of a Spin-Orbit-Induced Mott
Insulator in Ir Oxides. Physical Review Letters, 105(21),
November 2010.
187 Aaram J. Kim, Philipp Werner, and Roser Valent´ı. Alle-
viating the sign problem in quantum Monte Carlo simula-
tions of spin-orbit-coupled multiorbital Hubbard models.
Physical Review B, 101(4), January 2020.
188 A.M. Gabay and G.C. Hadjipanayis. Recent develop-
ments in RFe 12 -type compounds for permanent mag-
nets. Scripta Materialia, 154:284–288, September 2018.
189 Katerina P. Hilleke, Rie T. Fredrickson, Anastasiya I.
Vinokur, and Daniel C. Fredrickson. Substitution Pat-
terns Understood through Chemical Pressure Analysis:
Atom/Dumbbell and Ru/Co Ordering in Derivatives of
YCo 5. Crystal Growth & Design, 17(4):1610–1619, April
2017.
190 W.E. Wallace. Rare Earth-Transition metal permanent
magnet materials. Progress in Solid State Chemistry,
16(3):127–162, January 1985.
191 Manh Cuong Nguyen, Yongxin Yao, Cai-Zhuang Wang,
Kai-Ming Ho, and Vladimir P Antropov. Magnetocrys-
talline anisotropy in cobalt based magnets: a choice of
correlation parameters and the relativistic effects. Journal
of Physics: Condensed Matter, 30(19):195801, May 2018.
192 Wojciech Suski. Chapter 149 The ThMn12-Type com-
pounds of rare earths and actinides: Structure, magnetic
and related properties. In Handbook on the Physics and
Chemistry of Rare Earths, volume 22, pages 143–294. El-
sevier, 1996.
193 Y. Hirayama, Y.K. Takahashi, S. Hirosawa, and K. Hono.
NdFe12N hard-magnetic compound with high magnetiza-
tion and anisotropy field. Scripta Materialia, 95:70–72,
January 2015.
194 Y. Hirayama, Y.K. Takahashi, S. Hirosawa, and K. Hono.
Intrinsic hard magnetic properties of Sm(Fe 1x Co x
) 12 compound with the ThMn 12 structure. Scripta
Materialia, 138:62–65, September 2017.
195 Yosuke Harashima, Kiyoyuki Terakura, Hiori Kino, Shoji
Ishibashi, and Takashi Miyake. First-principles study on
stability and magnetism of NdFe11M and NdFe11MN for
M = Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn. Journal of
Applied Physics, 120(20):203904, November 2016.
196 N. Bouchaala, M. Jemmali, K. Nouri, S. Walha,
A. Ben Salah, and L. Bessais. Experimental Investiga-
tion of the Isothermal Section at 800 °C of the Nd-Fe-
Co Ternary System. Journal of Phase Equilibria and
Diffusion, 38(4):561–567, August 2017.
197 J.M.D. Coey and Hong Sun. IMPROVED MAGNETIC
PROPERTIES BY TREATMENT OF IRON-BASED
RARE EARTH. Journal of Magnetism and Magnetic
Materials, 87:L251, 1990.
198 K. Ohashi, H. Ido, K. Konno, and Y. Yoneda. Magnetic
properties of R TiCo 11 compounds with the ThMn 12
structure. Journal of Applied Physics, 70(10):5986–5988,
November 1991.
199 Peter Entel, Markus E. Gruner, Denis Comtesse, and
Manfred Wuttig. Interaction of Phase Transformation and
Magnetic Properties of Heusler Alloys: A Density Func-
tional Theory Study. JOM, 65(11):1540–1549, November
2013.
200 Manfred Fiebig, Thomas Lottermoser, Dennis Meier, and
Morgan Trassin. The evolution of multiferroics. Nature
Reviews Materials, 1(8), August 2016.
201 Sebastian Faehler and Vitalij K. Pecharsky. Caloric effects
in ferroic materials. MRS Bulletin, 43:264, 2018.
202 O. Gutfleisch, T. Gottschall, M. Fries, D. Benke,
I. Radulov, K. P. Skokov, H. Wende, M. Gruner, M. Acet,
P. Entel, and M. Farle. Mastering hysteresis in mag-
netocaloric materials. Philosophical Transactions of the
Royal Society A: Mathematical, Physical and Engineering
Sciences, 374(2074):20150308, August 2016.
203 Jaronie Mohd Jani, Martin Leary, Aleksandar Subic,
and Mark A. Gibson. A review of shape memory al-
loy research, applications and opportunities. Materials
& Design (1980-2015), 56:1078–1113, April 2014.
204 M. D. Kuz’min, K. P. Skokov, D. Yu. Karpenkov, J. D.
Moore, M. Richter, and O. Gutfleisch. Magnetic field de-
pendence of the maximum adiabatic temperature change.
Applied Physics Letters, 99(1):012501, July 2011.
205 Jian Liu, Tino Gottschall, Konstantin P. Skokov,
James D. Moore, and Oliver Gutfleisch. Giant magne-
tocaloric effect driven by structural transitions. Nature
Materials, 11(7):620–626, July 2012.
206 S. A. Nikitin, K. P. Skokov, Yu. S. Koshkid’ko, Yu. G.
Pastushenkov, and T. I. Ivanova. Giant Rotating Magne-
tocaloric Effect in the Region of Spin-Reorientation Tran-
sition in the NdCo 5 Single Crystal. Physical Review
Letters, 105(13), September 2010.
207 S. M. Benford and G. V. Brown. T-S diagram for gadolin-
ium near the Curie temperature. Journal of Applied
Physics, 52(3):2110–2112, March 1981.
208 Thorsten Krenke, Eyu¨p Duman, Mehmet Acet, Eber-
hard F. Wassermann, Xavier Moya, Lluis Man˜osa, and
Antoni Planes. Inverse magnetocaloric effect in ferromag-
netic Ni–Mn–Sn alloys. Nature Materials, 4(6):450–454,
June 2005.
209 Anja Waske, Daniel Dzekan, Kai Sellschopp, Dietmar
Berger, Alexander Stork, Kornelius Nielsch, and Sebas-
tian Fa¨hler. Energy harvesting near room temperature
using a thermomagnetic generator with a pretzel-like mag-
netic flux topology. Nature Energy, 4(1):68–74, January
2019.
210 Shinpei Fujii, Shoji Ishida, and Setsuro Asano. Elec-
tronic structure and lattice transformation in Ni2MnGa
and Co2NbSn. Journal of the Physical Society of Japan,
58:3657, 1989.
211 P J Brown, A Y Bargawi, J Crangle, K-U Neumann, and
K R A Ziebeck. Direct observation of a band Jahn-Teller
effect in the martensitic phase transition of Ni 2 MnGa.
Journal of Physics: Condensed Matter, 11(24):4715–4722,
June 1999.
212 Oleg Heczko, Va´clav Drchal, Stanislav Cichonˇ, Ladislav
Fekete, Josef Kudrnovsky´, Irena Kratochv´ılova´, Ja´n
Lancˇok, and Vladimı´r Cha´b. Electronic structure in the
twinned 10M martensite phase of the N i 49.7 M n 29.1
G a 21.2 Heusler alloy: Experiment and theory. Physical
Review B, 98(18), November 2018.
213 S. Kaufmann, U. K. Ro¨ßler, O. Heczko, M. Wuttig,
J. Buschbeck, L. Schultz, and S. Fa¨hler. Adaptive Modu-
43
lations of Martensites. Physical Review Letters, 104(14),
April 2010.
214 Robert Niemann and Sebastian Fa¨hler. Geometry
of adaptive martensite in Ni-Mn-based Heusler alloys.
Journal of Alloys and Compounds, 703:280–288, May
2017.
215 Sanjay Singh, J. Bednarcik, S. R. Barman, C. Felser, and
Dhananjai Pandey. Premartensite to martensite transi-
tion and its implications for the origin of modulation in
N i 2 MnGa ferromagnetic shape-memory alloy. Physical
Review B, 92(5), August 2015.
216 Xi Zhang, Blazej Grabowski, Fritz Ko¨rmann, Christoph
Freysoldt, and Jo¨rg Neugebauer. Accurate electronic free
energies of the 3 d , 4 d , and 5 d transition metals at high
temperatures. Physical Review B, 95(16), April 2017.
217 Slawomir Biernacki and Matthias Scheffler. Negative ther-
mal expansion of diamond and zinc-blende semiconduc-
tors. Physical Review Letters, 63(3):290–293, July 1989.
218 Atsushi Togo and Isao Tanaka. First principles phonon
calculations in materials science. Scripta Materialia,
108:1–5, November 2015.
219 Yusuke Oba, Terumasa Tadano, Ryosuke Akashi, and
Shinji Tsuneyuki. First-principles study of phonon an-
harmonicity and negative thermal expansion in ScF 3.
Physical Review Materials, 3(3):033601, March 2019.
220 M. A. Uijttewaal, T. Hickel, J. Neugebauer, M. E. Gruner,
and P. Entel. Understanding the Phase Transitions of
the Ni 2 MnGa Magnetic Shape Memory System from
First Principles. Physical Review Letters, 102(3), January
2009.
221 B. Dutta, A. C¸akır, C. Giacobbe, A. Al-Zubi, T. Hickel,
M. Acet, and J. Neugebauer. Ab initio Prediction of
Martensitic and Intermartensitic Phase Boundaries in Ni-
Mn-Ga. Physical Review Letters, 116(2), January 2016.
222 Dilina Perera, Thomas Vogel, and David P. Landau. Mag-
netic phase transition in coupled spin-lattice systems: A
replica-exchange Wang-Landau study. Physical Review
E, 94(4), October 2016.
223 Johan Hellsvik, Danny Thonig, Klas Modin, Diana Ius¸an,
Anders Bergman, Olle Eriksson, Lars Bergqvist, and
Anna Delin. General method for atomistic spin-lattice
dynamics with first-principles accuracy. Physical Review
B, 99(10):104302, March 2019.
224 Daichi Matsunami, Asaya Fujita, Koshi Takenaka, and
Mika Kano. Giant barocaloric effect enhanced by the
frustration of the antiferromagnetic phase in Mn3GaN.
Nature Materials, 14(1):73–78, January 2015.
225 J. Zemen, E. Mendive-Tapia, Z. Gercsi, R. Banerjee, J. B.
Staunton, and K. G. Sandeman. Frustrated magnetism
and caloric effects in Mn-based antiperovskite nitrides:
Ab initio theory. Physical Review B, 95(18), May 2017.
226 V. V. Khovaylo, V. D. Buchelnikov, R. Kainuma, V. V.
Koledov, M. Ohtsuka, V. G. Shavrov, T. Takagi, S. V.
Taskaev, and A. N. Vasiliev. Phase transitions in Ni 2 +
x Mn 1 x Ga with a high Ni excess. Physical Review B,
72(22), December 2005.
227 K. Ollefs, Ch. Scho¨ppner, I. Titov, R. Meckenstock,
F. Wilhelm, A. Rogalev, J. Liu, O. Gutfleisch, M. Farle,
H. Wende, and M. Acet. Magnetic ordering in magnetic
shape memory alloy Ni-Mn-In-Co. Physical Review B,
92(22), December 2015.
228 N. Teichert, D. Kucza, O. Yildirim, E. Yuzuak, I. Dincer,
A. Behler, B. Weise, L. Helmich, A. Boehnke, S. Klimova,
A. Waske, Y. Elerman, and A. Hu¨tten. Structure and
giant inverse magnetocaloric effect of epitaxial Ni-Co-Mn-
Al films. Physical Review B, 91(18), May 2015.
229 Biswanath Dutta, Fritz Ko¨rmann, Tilmann Hickel, and
Jo¨rg Neugebauer. Impact of Co and Fe Doping on the
Martensitic Transformation and the Magnetic Properties
in Ni-Mn-Based Heusler Alloys. physica status solidi (b),
255(2):1700455, February 2018.
230 Tino Gottschall, Konstantin P. Skokov, Dimitri Benke,
Markus E. Gruner, and Oliver Gutfleisch. Contradic-
tory role of the magnetic contribution in inverse magne-
tocaloric Heusler materials. Physical Review B, 93(18),
May 2016.
231 Tino Gottschall, Konstantin P. Skokov, Maximilian Fries,
Andreas Taubel, Iliya Radulov, Franziska Scheibel, Dim-
itri Benke, Stefan Riegg, and Oliver Gutfleisch. Making
a Cool Choice: The Materials Library of Magnetic Re-
frigeration. Advanced Energy Materials, 9(34):1901322,
September 2019.
232 E. S. Lara Pe´rez, I. Betancourt, J. F. Herna´ndez Paz,
J. A. Matutes Aquino, and J. T. Elizalde Galindo. Mag-
netocaloric effect in as-cast Gd 1x Y x alloys with x
= 0.0, 0.1, 0.2, 0.3, 0.4. Journal of Applied Physics,
115(17):17A910, May 2014.
233 A. Fujita, S. Fujieda, Y. Hasegawa, and K. Fukamichi.
Itinerant-electron metamagnetic transition and large
magnetocaloric effects in La ( Fe x Si 1 x ) 13 com-
pounds and their hydrides. Physical Review B, 67(10),
March 2003.
234 Maria Krautz, Konstantin Skokov, Tino Gottschall, Cris-
tiano S. Teixeira, Anja Waske, Jian Liu, Ludwig Schultz,
and Oliver Gutfleisch. Systematic investigation of Mn
substituted La(Fe,Si)13 alloys and their hydrides for
room-temperature magnetocaloric application. Journal of
Alloys and Compounds, 598:27–32, June 2014.
235 F. Guillou, H. Yibole, G. Porcari, L. Zhang, N. H. van
Dijk, and E. Bru¨ck. Magnetocaloric effect, cyclability and
coefficient of refrigerant performance in the MnFe(P, Si,
B) system. Journal of Applied Physics, 116(6):063903,
August 2014.
236 J. Landers, S. Salamon, W. Keune, M. E. Gruner,
M. Krautz, J. Zhao, M. Y. Hu, T. S. Toellner, E. E. Alp,
O. Gutfleisch, and H. Wende. Determining the vibrational
entropy change in the giant magnetocaloric material LaFe
11.6 Si 1.4 by nuclear resonant inelastic x-ray scattering.
Physical Review B, 98(2), July 2018.
237 N A Zarkevich, D D Johnson, and V K Pecharsky.
High-throughput search for caloric materials: the Calori-
Cool approach. Journal of Physics D: Applied Physics,
51(2):024002, January 2018.
238 Tino Gottschall, Adria` Gra`cia-Condal, Maximilian Fries,
Andreas Taubel, Lukas Pfeuffer, Llu´ıs Man˜osa, Antoni
Planes, Konstantin P. Skokov, and Oliver Gutfleisch. A
multicaloric cooling cycle that exploits thermal hysteresis.
Nature Materials, 17(10):929–934, October 2018.
239 Xian Chen, Vijay Srivastava, Vivekanand Dabade, and
Richard D. James. Study of the cofactor conditions: Con-
ditions of supercompatibility between phases. Journal of
the Mechanics and Physics of Solids, 61(12):2566–2587,
December 2013.
240 M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau,
F. Petroff, P. Etienne, G. Creuzet, A. Friederich, and
J. Chazelas. Giant Magnetoresistance of (001)Fe/(001)Cr
Magnetic Superlattices. Physical Review Letters,
61(21):2472–2475, November 1988.
44
241 G. Binasch, P. Gru¨nberg, F. Saurenbach, and W. Zinn.
Enhanced magnetoresistance in layered magnetic struc-
tures with antiferromagnetic interlayer exchange. Physical
Review B, 39(7):4828–4830, March 1989.
242 N.F. Mott. The electrical conductivity of transition met-
als. Proc. Phys. Soc., 47:571, 1935.
243 M. Julliere. Tunneling between ferromagnetic films.
Physics Letters A, 54(3):225–226, September 1975.
244 J.C. Slonczewski. Current-driven excitation of mag-
netic multilayers. Journal of Magnetism and Magnetic
Materials, 159(1-2):L1–L7, June 1996.
245 L. Berger. Emission of spin waves by a magnetic mul-
tilayer traversed by a current. Physical Review B,
54(13):9353–9358, October 1996.
246 S. Ikeda, J. Hayakawa, Y. Ashizawa, Y. M. Lee, K. Miura,
H. Hasegawa, M. Tsunoda, F. Matsukura, and H. Ohno.
Tunnel magnetoresistance of 604% at 300K by suppres-
sion of Ta diffusion in CoFeBMgOCoFeB pseudo-spin-
valves annealed at high temperature. Applied Physics
Letters, 93(8):082508, August 2008.
247 A. Dussaux, B. Georges, J. Grollier, V. Cros, A.V.
Khvalkovskiy, A. Fukushima, M. Konoto, H. Kubota,
K. Yakushiji, S. Yuasa, K.A. Zvezdin, K. Ando, and
A. Fert. Large microwave generation from current-driven
magnetic vortex oscillators in magnetic tunnel junctions.
Nature Communications, 1(1), December 2010.
248 J. Grollier, P. Boulenc, V. Cros, A. Hamzic´, A. Vaure`s,
A. Fert, and G. Faini. Switching a spin valve back and
forth by current-induced domain wall motion. Applied
Physics Letters, 83(3):509–511, July 2003.
249 M. Hosomi, H. Yamagishi, T. Yamamoto, K. Bessho,
Y. Higo, K. Yamane, H. Yamada, M. Shoji, H. Hachino,
C. Fukumoto, H. Nagao, and H. Kano. A novel nonvolatile
memory with spin torque transfer magnetization switch-
ing: spin-ram. In IEEE InternationalElectron Devices
Meeting, 2005. IEDM Technical Digest., pages 459–462,
Tempe, Arizon, USA, 2005. IEEE.
250 T. McGuire and R. Potter. Anisotropic magnetoresis-
tance in ferromagnetic 3d alloys. IEEE Transactions on
Magnetics, 11(4):1018–1038, July 1975.
251 Wei Han, Sadamichi Maekawa, and Xin-Cheng Xie.
Spin current as a probe of quantum materials. Nature
Materials, August 2019.
252 Junren Shi, Ping Zhang, Di Xiao, and Qian Niu. Proper
Definition of Spin Current in Spin-Orbit Coupled Sys-
tems. Physical Review Letters, 96(7), February 2006.
253 Y. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida,
M. Mizuguchi, H. Umezawa, H. Kawai, K. Ando,
K. Takanashi, S. Maekawa, and E. Saitoh. Transmission
of electrical signals by spin-wave interconversion in a mag-
netic insulator. Nature, 464(7286):262–266, March 2010.
254 Mikhail I. Dyakonov. Spin physics in semiconductors.
Number 157 in Springer Series in Solid-State Science.
Springer Berlin Heidelberg, New York, NY, 2017.
255 Dahai Wei, Martin Obstbaum, Mirko Ribow, Christian H.
Back, and Georg Woltersdorf. Spin Hall voltages from
a.c. and d.c. spin currents. Nature Communications, 5(1),
September 2014.
256 Yaroslav Tserkovnyak, Arne Brataas, Gerrit E W Bauer,
and Bertrand I Halperin. Nonlocal magnetization dynam-
ics in ferromagnetic heterostructures. Rev. Mod. Phys.,
77(4):47, 2005.
257 Luqiao Liu, O. J. Lee, T. J. Gudmundsen, D. C. Ralph,
and R. A. Buhrman. Current-Induced Switching of Per-
pendicularly Magnetized Magnetic Layers Using Spin
Torque from the Spin Hall Effect. Physical Review
Letters, 109(9), August 2012.
258 Kevin Garello, Ioan Mihai Miron, Can Onur Avci, Frank
Freimuth, Yuriy Mokrousov, Stefan Blu¨gel, Ste´phane
Auffret, Olivier Boulle, Gilles Gaudin, and Pietro
Gambardella. Symmetry and magnitude of spin–orbit
torques in ferromagnetic heterostructures. Nature
Nanotechnology, 8(8):587–593, August 2013.
259 E. Saitoh, M. Ueda, H. Miyajima, and G. Tatara. Conver-
sion of spin current into charge current at room temper-
ature: Inverse spin-Hall effect. Applied Physics Letters,
88(18):182509, May 2006.
260 O. Mosendz, J. E. Pearson, F. Y. Fradin, G. E. W. Bauer,
S. D. Bader, and A. Hoffmann. Quantifying Spin Hall
Angles from Spin Pumping: Experiments and Theory.
Physical Review Letters, 104(4), January 2010.
261 L. Liu, C.-F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and
R. A. Buhrman. Spin-Torque Switching with the Giant
Spin Hall Effect of Tantalum. Science, 336(6081):555–558,
May 2012.
262 K. Ando, S. Takahashi, J. Ieda, H. Kurebayashi, T. Tryp-
iniotis, C. H. W. Barnes, S. Maekawa, and E. Saitoh.
Electrically tunable spin injector free from the impedance
mismatch problem. Nature Materials, 10(9):655–659,
September 2011.
263 T. Nan, T. J. Anderson, J. Gibbons, K. Hwang, N. Camp-
bell, H. Zhou, Y. Q. Dong, G. Y. Kim, D. F. Shao,
T. R. Paudel, N. Reynolds, X. J. Wang, N. X. Sun, E. Y.
Tsymbal, S. Y. Choi, M. S. Rzchowski, Yong Baek Kim,
D. C. Ralph, and C. B. Eom. Anisotropic spin-orbit
torque generation in epitaxial SrIrO 3 by symmetry de-
sign. Proceedings of the National Academy of Sciences,
116(33):16186–16191, August 2019.
264 P. Hyde, Lihui Bai, D. M. J. Kumar, B. W. Southern,
C.-M. Hu, S. Y. Huang, B. F. Miao, and C. L. Chien.
Electrical detection of direct and alternating spin current
injected from a ferromagnetic insulator into a ferromag-
netic metal. Physical Review B, 89(18), May 2014.
265 D. MacNeill, G. M. Stiehl, M. H. D. Guimaraes, R. A.
Buhrman, J. Park, and D. C. Ralph. Control of spin–orbit
torques through crystal symmetry in WTe2/ferromagnet
bilayers. Nature Physics, 13(3):300–305, March 2017.
266 C. Ciccarelli, L. Anderson, V. Tshitoyan, A. J. Fergu-
son, F. Gerhard, C. Gould, L. W. Molenkamp, J. Gayles,
J. Zˇelezny´, L. Sˇmejkal, Z. Yuan, J. Sinova, F. Freimuth,
and T. Jungwirth. Room-temperature spin–orbit torque
in NiMnSb. Nature Physics, 12(9):855–860, September
2016.
267 T. Wimmer, M. Althammer, L. Liensberger, N. Vlietstra,
S. Gepra¨gs, M. Weiler, R. Gross, and H. Huebl. Spin
Transport in a Magnetic Insulator with Zero Effective
Damping. Physical Review Letters, 123(25), December
2019.
268 T. D. Skinner, K. Olejn´ık, L. K. Cunningham, H. Kure-
bayashi, R. P. Campion, B. L. Gallagher, T. Jung-
wirth, and A. J. Ferguson. Complementary spin-Hall
and inverse spin-galvanic effect torques in a ferromag-
net/semiconductor bilayer. Nature Communications,
6(1), November 2015.
269 Lin Chen, Fumihiro Matsukura, and Hideo Ohno. Direct-
current voltages in (Ga,Mn)As structures induced by fer-
romagnetic resonance. Nature Communications, 4(1), Oc-
tober 2013.
45
270 Alexandr Chernyshov, Mason Overby, Xinyu Liu,
Jacek K. Furdyna, Yuli Lyanda-Geller, and Leonid P.
Rokhinson. Evidence for reversible control of magneti-
zation in a ferromagnetic material by means of spin–orbit
magnetic field. Nature Physics, 5(9):656–659, September
2009.
271 C. H. Du, H. L. Wang, Y. Pu, T. L. Meyer, P. M. Wood-
ward, F. Y. Yang, and P. C. Hammel. Probing the Spin
Pumping Mechanism: Exchange Coupling with Exponen-
tial Decay in Y 3 Fe 5 O 12 / Barrier / Pt Heterostruc-
tures. Physical Review Letters, 111(24), December 2013.
272 Young-Wan Oh, Seung-heon Chris Baek, Y. M.
Kim, Hae Yeon Lee, Kyeong-Dong Lee, Chang-Geun
Yang, Eun-Sang Park, Ki-Seung Lee, Kyoung-Whan
Kim, Gyungchoon Go, Jong-Ryul Jeong, Byoung-
Chul Min, Hyun-Woo Lee, Kyung-Jin Lee, and
Byong-Guk Park. Field-free switching of perpendic-
ular magnetization through spin–orbit torque in an-
tiferromagnet/ferromagnet/oxide structures. Nature
Nanotechnology, 11(10):878–884, October 2016.
273 L. Frangou, S. Oyarzu´n, S. Auffret, L. Vila, S. Gam-
barelli, and V. Baltz. Enhanced Spin Pumping Efficiency
in Antiferromagnetic IrMn Thin Films around the Mag-
netic Phase Transition. Physical Review Letters, 116(7),
February 2016.
274 Jing Zhou, Xiao Wang, Yaohua Liu, Jihang Yu, Huixia
Fu, Liang Liu, Shaohai Chen, Jinyu Deng, Weinan Lin,
Xinyu Shu, Herng Yau Yoong, Tao Hong, Masaaki Mat-
suda, Ping Yang, Stefan Adams, Binghai Yan, Xiufeng
Han, and Jingsheng Chen. Large spin-orbit torque effi-
ciency enhanced by magnetic structure of collinear anti-
ferromagnet IrMn. Science Advances, 5(5):eaau6696, May
2019.
275 Shunsuke Fukami, Chaoliang Zhang, Samik DuttaGupta,
Aleksandr Kurenkov, and Hideo Ohno. Magnetiza-
tion switching by spin–orbit torque in an antiferro-
magnet–ferromagnet bilayer system. Nature Materials,
15(5):535–541, May 2016.
276 William A. Borders, Hisanao Akima, Shunsuke Fukami,
Satoshi Moriya, Shouta Kurihara, Yoshihiko Horio,
Shigeo Sato, and Hideo Ohno. Analogue spin–orbit
torque device for artificial-neural-network-based asso-
ciative memory operation. Applied Physics Express,
10(1):013007, January 2017.
277 Weifeng Zhang, Wei Han, See-Hun Yang, Yan Sun, Yang
Zhang, Binghai Yan, and Stuart S. P. Parkin. Giant facet-
dependent spin-orbit torque and spin Hall conductivity in
the triangular antiferromagnet IrMn 3. Science Advances,
2(9):e1600759, September 2016.
278 P. Wadley, B. Howells, J. elezny, C. Andrews, V. Hills,
R. P. Campion, V. Novak, K. Olejnik, F. Maccherozzi,
S. S. Dhesi, S. Y. Martin, T. Wagner, J. Wunderlich,
F. Freimuth, Y. Mokrousov, J. Kune, J. S. Chauhan, M. J.
Grzybowski, A. W. Rushforth, K. W. Edmonds, B. L.
Gallagher, and T. Jungwirth. Electrical switching of an
antiferromagnet. Science, 351(6273):587–590, February
2016.
279 J. Zˇelezny´, H. Gao, K. Vy´borny´, J. Zemen, J. Masˇek,
Aure´lien Manchon, J. Wunderlich, Jairo Sinova, and
T. Jungwirth. Relativistic Ne´el-Order Fields Induced by
Electrical Current in Antiferromagnets. Physical Review
Letters, 113(15), October 2014.
280 Markus Meinert, Dominik Graulich, and Tristan Matalla-
Wagner. Electrical Switching of Antiferromagnetic Mn 2
Au and the Role of Thermal Activation. Physical Review
Applied, 9(6), June 2018.
281 Wei Yuan, Qiong Zhu, Tang Su, Yunyan Yao, Wenyu
Xing, Yangyang Chen, Yang Ma, Xi Lin, Jing Shi, Ryuichi
Shindou, X. C. Xie, and Wei Han. Experimental signa-
tures of spin superfluid ground state in canted antiferro-
magnet Cr 2 O 3 via nonlocal spin transport. Science
Advances, 4(4):eaat1098, April 2018.
282 Takahiro Moriyama, Kent Oda, Takuo Ohkochi, Motoi
Kimata, and Teruo Ono. Spin torque control of antiferro-
magnetic moments in NiO. Scientific Reports, 8(1), De-
cember 2018.
283 X.Z. Chen, R. Zarzuela, J. Zhang, C. Song, X.F. Zhou,
G.Y. Shi, F. Li, H.A. Zhou, W.J. Jiang, F. Pan, and
Y. Tserkovnyak. Antidamping-Torque-Induced Switching
in Biaxial Antiferromagnetic Insulators. Physical Review
Letters, 120(20), May 2018.
284 L. Baldrati, O. Gomonay, A. Ross, M. Filianina, R. Le-
brun, R. Ramos, C. Leveille, F. Fuhrmann, T.R. For-
rest, F. Maccherozzi, S. Valencia, F. Kronast, E. Saitoh,
J. Sinova, and M. Kla¨ui. Mechanism of Ne´el Order Switch-
ing in Antiferromagnetic Thin Films Revealed by Magne-
totransport and Direct Imaging. Physical Review Letters,
123(17), October 2019.
285 Christian Hahn, Gre´goire de Loubens, Vladimir V. Nale-
tov, Jamal Ben Youssef, Olivier Klein, and Michel
Viret. Conduction of spin currents through insulating
antiferromagnetic oxides. EPL (Europhysics Letters),
108(5):57005, December 2014.
286 Hailong Wang, Chunhui Du, P. Chris Hammel, and
Fengyuan Yang. Antiferromagnonic Spin Transport from
Y 3 Fe 5 O 12 into NiO. Physical Review Letters, 113(9),
August 2014.
287 R. Lebrun, A. Ross, S. A. Bender, A. Qaiumzadeh, L. Bal-
drati, J. Cramer, A. Brataas, R. A. Duine, and M. Kla¨ui.
Tunable long-distance spin transport in a crystalline an-
tiferromagnetic iron oxide. Nature, 561(7722):222–225,
September 2018.
288 Can Onur Avci, Andy Quindeau, Chi-Feng Pai, Maxwell
Mann, Lucas Caretta, Astera S. Tang, Mehmet C. On-
basli, Caroline A. Ross, and Geoffrey S. D. Beach.
Current-induced switching in a magnetic insulator.
Nature Materials, 16(3):309–314, March 2017.
289 Zhiyong Qiu, Jia Li, Dazhi Hou, Elke Arenholz, Alpha T.
N’Diaye, Ali Tan, Ken-ichi Uchida, Koji Sato, Satoshi
Okamoto, Yaroslav Tserkovnyak, Z. Q. Qiu, and Eiji
Saitoh. Spin-current probe for phase transition in an in-
sulator. Nature Communications, 7(1), November 2016.
290 Yi Wang, Dapeng Zhu, Yumeng Yang, Kyusup Lee, Rahul
Mishra, Gyungchoon Go, Se-Hyeok Oh, Dong-Hyun Kim,
Kaiming Cai, Enlong Liu, Shawn D. Pollard, Shuyuan
Shi, Jongmin Lee, Kie Leong Teo, Yihong Wu, Kyung-
Jin Lee, and Hyunsoo Yang. Magnetization switching by
magnon-mediated spin torque through an antiferromag-
netic insulator. Science, 366(6469):1125–1128, November
2019.
291 Jairo Sinova, Sergio O. Valenzuela, J. Wunderlich, C.H.
Back, and T. Jungwirth. Spin Hall effects. Reviews of
Modern Physics, 87(4):1213–1260, October 2015.
292 A. Manchon, J. Zˇelezny´, I.M. Miron, T. Jungwirth,
J. Sinova, A. Thiaville, K. Garello, and P. Gambardella.
Current-induced spin-orbit torques in ferromagnetic and
antiferromagnetic systems. Reviews of Modern Physics,
46
91(3), September 2019.
293 Edurne Sagasta, Yasutomo Omori, Sau¨l Ve´lez, Roger
Llopis, Christopher Tollan, Andrey Chuvilin, Luis E.
Hueso, Martin Gradhand, YoshiChika Otani, and Fe`lix
Casanova. Unveiling the mechanisms of the spin Hall ef-
fect in Ta. Physical Review B, 98(6), August 2018.
294 Xinde Tao, Qi Liu, Bingfeng Miao, Rui Yu, Zheng Feng,
Liang Sun, Biao You, Jun Du, Kai Chen, Shufeng Zhang,
Luo Zhang, Zhe Yuan, Di Wu, and Haifeng Ding. Self-
consistent determination of spin Hall angle and spin dif-
fusion length in Pt and Pd: The role of the interface spin
loss. Science Advances, 4(6):eaat1670, June 2018.
295 Yongxi Ou, D.C. Ralph, and R.A. Buhrman. Strong En-
hancement of the Spin Hall Effect by Spin Fluctuations
near the Curie Point of Fe x Pt 1 x Alloys. Physical
Review Letters, 120(9), March 2018.
296 Wei Zhang, Matthias B. Jungfleisch, Wanjun Jiang,
John E. Pearson, Axel Hoffmann, Frank Freimuth, and
Yuriy Mokrousov. Spin Hall Effects in Metallic Antifer-
romagnets. Physical Review Letters, 113(19), November
2014.
297 J. B. S. Mendes, R. O. Cunha, O. Alves Santos, P. R. T.
Ribeiro, F. L. A. Machado, R. L. Rodr´ıguez-Sua´rez,
A. Azevedo, and S. M. Rezende. Large inverse spin Hall
effect in the antiferromagnetic metal Ir 20 Mn 80. Physical
Review B, 89(14), April 2014.
298 Motoi Kimata, Hua Chen, Kouta Kondou, Satoshi Sugi-
moto, Prasanta K. Muduli, Muhammad Ikhlas, Yasutomo
Omori, Takahiro Tomita, Allan. H. MacDonald, Satoru
Nakatsuji, and Yoshichika Otani. Magnetic and magnetic
inverse spin Hall effects in a non-collinear antiferromag-
net. Nature, 565(7741):627–630, January 2019.
299 Y.K. Kato, R. C. Myers, A.C. Gossard, and D. D.
Awschalom. Observation of the spin Hall effect in semi-
conductors. Science, 306:1910, 2004.
300 Praveen Deorani, Jaesung Son, Karan Banerjee, Nikesh
Koirala, Matthew Brahlek, Seongshik Oh, and Hyunsoo
Yang. Observation of inverse spin Hall effect in bismuth
selenide. Physical Review B, 90(9), September 2014.
301 Yan Sun, Yang Zhang, Claudia Felser, and Binghai Yan.
Strong Intrinsic Spin Hall Effect in the TaAs Family
of Weyl Semimetals. Physical Review Letters, 117(14),
September 2016.
302 V.M. Edelstein. Spin polarization of conduction electrons
induced by electric current in two-dimensional asym-
metric electron systems. Solid State Communications,
73(3):233–235, January 1990.
303 V V Bel’kov and S D Ganichev. Magneto-gyrotropic ef-
fects in semiconductor quantum wells. Semiconductor
Science and Technology, 23(11):114003, November 2008.
304 Peng Li, James Kally, Steven S.-L. Zhang, Timothy Pills-
bury, Jinjun Ding, Gyorgy Csaba, Junjia Ding, J. S.
Jiang, Yunzhi Liu, Robert Sinclair, Chong Bi, August
DeMann, Gaurab Rimal, Wei Zhang, Stuart B. Field,
Jinke Tang, Weigang Wang, Olle G. Heinonen, Valentine
Novosad, Axel Hoffmann, Nitin Samarth, and Mingzhong
Wu. Magnetization switching using topological surface
states. Science Advances, 5(8):eaaw3415, August 2019.
305 E. Lesne, Yu Fu, S. Oyarzun, J. C. Rojas-Sa´nchez, D. C.
Vaz, H. Naganuma, G. Sicoli, J.-P. Attane´, M. Jamet,
E. Jacquet, J.-M. George, A. Barthe´le´my, H. Jaffre`s,
A. Fert, M. Bibes, and L. Vila. Highly efficient and tun-
able spin-to-charge conversion through Rashba coupling
at oxide interfaces. Nature Materials, 15(12):1261–1266,
December 2016.
306 J. C. Rojas Sa´nchez, L. Vila, G. Desfonds, S. Gam-
barelli, J. P. Attane´, J. M. De Teresa, C. Mage´n, and
A. Fert. Spin-to-charge conversion using Rashba coupling
at the interface between non-magnetic materials. Nature
Communications, 4(1), December 2013.
307 Shutaro Karube, Kouta Kondou, and YoshiChika Otani.
Experimental observation of spin-to-charge current con-
version at non-magnetic metal/Bi 2 O 3 interfaces.
Applied Physics Express, 9(3):033001, March 2016.
308 Yuito Kageyama, Yuya Tazaki, Hongyu An, Takashi
Harumoto, Tenghua Gao, Ji Shi, and Kazuya Ando.
Spin-orbit torque manipulated by fine-tuning of oxygen-
induced orbital hybridization. Science Advances,
5(11):eaax4278, November 2019.
309 Arne Brataas, Gergely Zara´nd, Yaroslav Tserkovnyak,
and Gerrit E. W. Bauer. Magnetoelectronic Spin Echo.
Physical Review Letters, 91(16), October 2003.
310 V. Baltz, A. Manchon, M. Tsoi, T. Moriyama, T. Ono,
and Y. Tserkovnyak. Antiferromagnetic spintronics.
Reviews of Modern Physics, 90(1):015005, February 2018.
311 Dazhi Hou, Zhiyong Qiu, and Eiji Saitoh. Spin transport
in antiferromagnetic insulators: progress and challenges.
NPG Asia Materials, 11(1), December 2019.
312 C Kittel. Ferromagnetic Domain Theory. In Solid State
Physics, volume 3, page 437. Elsevier, 1956.
313 F. Keffer and C. Kittel. Theory of Antiferromagnetic Res-
onance. Physical Review, 85(2):329–337, January 1952.
314 X. Marti, I. Fina, C. Frontera, Jian Liu, P. Wadley, Q. He,
R. J. Paull, J. D. Clarkson, J. Kudrnovsky´, I. Turek,
J. Kunesˇ, D. Yi, J-H. Chu, C. T. Nelson, L. You, E. Aren-
holz, S. Salahuddin, J. Fontcuberta, T. Jungwirth, and
R. Ramesh. Room-temperature antiferromagnetic mem-
ory resistor. Nature Materials, 13(4):367–374, April 2014.
315 D. Kriegner, K. Vy´borny´, K. Olejn´ık, H. Reichlova´,
V. Nova´k, X. Marti, J. Gazquez, V. Saidl, P. Neˇmec, V. V.
Volobuev, G. Springholz, V. Holy´, and T. Jungwirth.
Multiple-stable anisotropic magnetoresistance memory in
antiferromagnetic MnTe. Nature Communications, 7(1),
September 2016.
316 B. G. Park, J. Wunderlich, X. Mart´ı, V. Holy´,
Y. Kurosaki, M. Yamada, H. Yamamoto, A. Nishide,
J. Hayakawa, H. Takahashi, A. B. Shick, and T. Jung-
wirth. A spin-valve-like magnetoresistance of an
antiferromagnet-based tunnel junction. Nature Materials,
10(5):347–351, May 2011.
317 D. Petti, E. Albisetti, H. Reichlova´, J. Gazquez,
M. Varela, M. Molina-Ruiz, A. F. Lopeand´ıa, K. Olejn´ık,
V. Nova´k, I. Fina, B. Dkhil, J. Hayakawa, X. Marti,
J. Wunderlich, T. Jungwirth, and R. Bertacco. Storing
magnetic information in IrMn/MgO/Ta tunnel junctions
via field-cooling. Applied Physics Letters, 102(19):192404,
May 2013.
318 H. Nakayama, M. Althammer, Y.-T. Chen, K. Uchida,
Y. Kajiwara, D. Kikuchi, T. Ohtani, S. Gepra¨gs, M. Opel,
S. Takahashi, R. Gross, G. E. W. Bauer, S. T. B. Goen-
nenwein, and E. Saitoh. Spin Hall Magnetoresistance In-
duced by a Nonequilibrium Proximity Effect. Physical
Review Letters, 110(20), May 2013.
319 Shunsuke Fukami and Hideo Ohno. Perspective: Spin-
tronic synapse for artificial neural network. Journal of
Applied Physics, 124(15):151904, October 2018.
320 Yaroslav Tserkovnyak, Arne Brataas, and Gerrit E. W.
Bauer. Enhanced Gilbert Damping in Thin Ferromagnetic
47
Films. Physical Review Letters, 88(11), February 2002.
321 A. V. Chumak, V. I. Vasyuchka, A. A. Serga, and B. Hille-
brands. Magnon spintronics. Nature Physics, 11(6):453–
461, June 2015.
322 Steven S.-L. Zhang and Shufeng Zhang. Magnon Medi-
ated Electric Current Drag Across a Ferromagnetic In-
sulator Layer. Physical Review Letters, 109(9), August
2012.
323 H. L. Wang, C. H. Du, Y. Pu, R. Adur, P. C. Hammel,
and F. Y. Yang. Large spin pumping from epitaxial Y 3
Fe 5 O 12 thin films to Pt and W layers. Physical Review
B, 88(10), September 2013.
324 R. Lebrun, A. Ross, S. A. Bender, A. Qaiumzadeh, L. Bal-
drati, J. Cramer, A. Brataas, R. A. Duine, and M. Kla¨ui.
Tunable long-distance spin transport in a crystalline an-
tiferromagnetic iron oxide. Nature, 561(7722):222–225,
September 2018.
325 T. Nikuni, M. Oshikawa, A. Oosawa, and H. Tanaka.
Bose-Einstein Condensation of Dilute Magnons in TlCuCl
3. Physical Review Letters, 84(25):5868–5871, June 2000.
326 K. v. Klitzing, G. Dorda, and M. Pepper. New Method
for High-Accuracy Determination of the Fine-Structure
Constant Based on Quantized Hall Resistance. Physical
Review Letters, 45(6):494–497, August 1980.
327 D. J. Thouless, M. Kohmoto, M. P. Nightingale, and
M. den Nijs. Quantized Hall Conductance in a Two-
Dimensional Periodic Potential. Physical Review Letters,
49(6):405–408, August 1982.
328 H.L. Sto¨rmer and D.C. Tsui. The Quantized Hall Effect.
Science, 220:1241, 1983.
329 R. B. Laughlin. Anomalous Quantum Hall Effect: An
Incompressible Quantum Fluid with Fractionally Charged
Excitations. Physical Review Letters, 50(18):1395–1398,
May 1983.
330 C. L. Kane and E. J. Mele. Z 2 Topological Order and
the Quantum Spin Hall Effect. Physical Review Letters,
95(14), September 2005.
331 B. A. Bernevig, T. L. Hughes, and S.-C. Zhang. Quantum
Spin Hall Effect and Topological Phase Transition in HgTe
Quantum Wells. Science, 314(5806):1757–1761, December
2006.
332 M. Z. Hasan and C. L. Kane. Colloquium : Topological
insulators. Reviews of Modern Physics, 82(4):3045–3067,
November 2010.
333 Xiao-Liang Qi and Shou-Cheng Zhang. Topological insu-
lators and superconductors. Reviews of Modern Physics,
83(4):1057–1110, October 2011.
334 Di Xiao, Ming-Che Chang, and Qian Niu. Berry phase ef-
fects on electronic properties. Reviews of Modern Physics,
82(3):1959–2007, July 2010.
335 Chao-Xing Liu, Shou-Cheng Zhang, and Xiao-Liang Qi.
The Quantum Anomalous Hall Effect: Theory and Ex-
periment. Annual Review of Condensed Matter Physics,
7(1):301–321, March 2016.
336 Andrew M. Essin, Joel E. Moore, and David Vanderbilt.
Magnetoelectric Polarizability and Axion Electrodynam-
ics in Crystalline Insulators. Physical Review Letters,
102(14), April 2009.
337 Rundong Li, Jing Wang, Xiao-Liang Qi, and Shou-Cheng
Zhang. Dynamical axion field in topological magnetic in-
sulators. Nature Physics, 6(4):284–288, April 2010.
338 Xiao-Liang Qi, Taylor L. Hughes, and Shou-Cheng Zhang.
Chiral topological superconductor from the quantum Hall
state. Physical Review B, 82(18), November 2010.
339 Jennifer Cano, Barry Bradlyn, and M. G. Vergniory. Mul-
tifold nodal points in magnetic materials. APL Materials,
7(10):101125, October 2019.
340 N.P. Armitage, E.J. Mele, and Ashvin Vishwanath.
Weyl and Dirac semimetals in three-dimensional solids.
Reviews of Modern Physics, 90(1), January 2018.
341 Xie Chen, Zheng-Cheng Gu, Zheng-Xin Liu, and Xiao-
Gang Wen. Symmetry protected topological orders and
the group cohomology of their symmetry group. Physical
Review B, 87(15), April 2013.
342 Conyers Herring. Accidental Degeneracy in the Energy
Bands of Crystals. Physical Review, 52(4):365–373, Au-
gust 1937.
343 Daniel Gosa´lbez-Mart´ınez, Ivo Souza, and David Vander-
bilt. Chiral degeneracies and Fermi-surface Chern num-
bers in bcc Fe. Physical Review B, 92(8), August 2015.
344 Roger S. K. Mong, Andrew M. Essin, and Joel E. Moore.
Antiferromagnetic topological insulators. Physical Review
B, 81(24), June 2010.
345 Haruki Watanabe and Liang Fu. Topological crys-
talline magnets: Symmetry-protected topological phases
of fermions. Physical Review B, 95(8), February 2017.
346 Ari M. Turner, Yi Zhang, Roger S. K. Mong, and Ashvin
Vishwanath. Quantized response and topology of mag-
netic insulators with inversion symmetry. Physical Review
B, 85(16), April 2012.
347 C.-Z. Chang, J. Zhang, X. Feng, J. Shen, Z. Zhang,
M. Guo, K. Li, Y. Ou, P. Wei, L.-L. Wang, Z.-Q. Ji,
Y. Feng, S. Ji, X. Chen, J. Jia, X. Dai, Z. Fang, S.-C.
Zhang, K. He, Y. Wang, L. Lu, X.-C. Ma, and Q.-K. Xue.
Experimental Observation of the Quantum Anomalous
Hall Effect in a Magnetic Topological Insulator. Science,
340(6129):167–170, April 2013.
348 Y. J. Jin, R. Wang, B. W. Xia, B. B. Zheng, and H. Xu.
Three-dimensional quantum anomalous Hall effect in fer-
romagnetic insulators. Physical Review B, 98(8), August
2018.
349 M. M. Otrokov, I. I. Klimovskikh, H. Bentmann, D. Es-
tyunin, A. Zeugner, Z. S. Aliev, S. Gaß, A. U. B. Wolter,
A. V. Koroleva, A. M. Shikin, M. Blanco-Rey, M. Hoff-
mann, I. P. Rusinov, A. Yu. Vyazovskaya, S. V. Ere-
meev, Yu. M. Koroteev, V. M. Kuznetsov, F. Freyse,
J. Sa´nchez-Barriga, I. R. Amiraslanov, M. B. Babanly,
N. T. Mamedov, N. A. Abdullayev, V. N. Zverev, A. Al-
fonsov, V. Kataev, B. Bu¨chner, E. F. Schwier, S. Ku-
mar, A. Kimura, L. Petaccia, G. Di Santo, R. C. Vidal,
S. Schatz, K. Kißner, M. U¨nzelmann, C. H. Min, Simon
Moser, T. R. F. Peixoto, F. Reinert, A. Ernst, P. M.
Echenique, A. Isaeva, and E. V. Chulkov. Prediction and
observation of an antiferromagnetic topological insulator.
Nature, 576(7787):416–422, December 2019.
350 Xin Gui, Ivo Pletikosic, Huibo Cao, Hung-Ju Tien, Xitong
Xu, Ruidan Zhong, Guangqiang Wang, Tay-Rong Chang,
Shuang Jia, Tonica Valla, Weiwei Xie, and Robert J.
Cava. A New Magnetic Topological Quantum Material
Candidate by Design. ACS Central Science, April 2019.
351 Yuanfeng Xu, Zhida Song, Zhijun Wang, Hongming
Weng, and Xi Dai. Higher-Order Topology of the Axion
Insulator EuIn 2 As 2. Physical Review Letters, 122(25),
June 2019.
352 Yang Zhang, Ke Deng, Xiao Zhang, Meng Wang, Yuan
Wang, Cai Liu, Jia-Wei Mei, Shiv Kumar, Eike F.
Schwier, Kenya Shimada, Chaoyu Chen, and Bing Shen.
In-plane antiferromagnetic moments in axion topological
48
insulator candidate EuIn$ 2$As$ 2$. arXiv:1911.01896
[cond-mat], November 2019. arXiv: 1911.01896.
353 Sabin Regmi, Md Mofazzel Hosen, Barun Ghosh, Bahadur
Singh, Gyanendra Dhakal, Christopher Sims, Baokai
Wang, Firoza Kabir, Klauss Dimitri, Yangyang Liu,
Amit Agarwal, Hsin Lin, Dariusz Kaczorowski, Arun
Bansil, and Madhab Neupane. Temperature Depen-
dent Electronic Structure in a Higher Order Topological
Insulator Candidate EuIn$ 2$As$ 2$. arXiv:1911.03703
[cond-mat], November 2019. arXiv: 1911.03703.
354 Hang Li, Shun-Ye Gao, Shao-Feng Duan, Yuan-Feng Xu,
Ke-Jia Zhu, Shang-Jie Tian, Jia-Cheng Gao, Wen-Hui
Fan, Zhi-Cheng Rao, Jie-Rui Huang, Jia-Jun Li, Da-Yu
Yan, Zheng-Tai Liu, Wan-Ling Liu, Yao-Bo Huang, Yu-
Liang Li, Yi Liu, Guo-Bin Zhang, Peng Zhang, Takeshi
Kondo, Shik Shin, He-Chang Lei, You-Guo Shi, Wen-Tao
Zhang, Hong-Ming Weng, Tian Qian, and Hong Ding.
Dirac Surface States in Intrinsic Magnetic Topological In-
sulators EuSn 2 As 2 and MnBi 2 n Te 3 n + 1. Physical
Review X, 9(4), November 2019.
355 Z. F. Wang, Huimin Zhang, Defa Liu, Chong Liu,
Chenjia Tang, Canli Song, Yong Zhong, Junping Peng,
Fangsen Li, Caina Nie, Lili Wang, X. J. Zhou, Xucun
Ma, Q. K. Xue, and Feng Liu. Topological edge states
in a high-temperature superconductor FeSe/SrTiO3(001)
film. Nature Materials, 15(9):968–973, September 2016.
356 Gang Xu, Hongming Weng, Zhijun Wang, Xi Dai, and
Zhong Fang. Chern Semimetal and the Quantized Anoma-
lous Hall Effect in HgCr 2 Se 4. Physical Review Letters,
107(18), October 2011.
357 Chen Fang, Matthew J. Gilbert, Xi Dai, and B. An-
drei Bernevig. Multi-Weyl Topological Semimetals Stabi-
lized by Point Group Symmetry. Physical Review Letters,
108(26), June 2012.
358 Guoqing Chang, Su-Yang Xu, Xiaoting Zhou, Shin-Ming
Huang, Bahadur Singh, Baokai Wang, Ilya Belopolski, Ji-
axin Yin, Songtian Zhang, Arun Bansil, Hsin Lin, and
M. Zahid Hasan. Topological Hopf and Chain Link
Semimetal States and Their Application to Co 2 Mn G a.
Physical Review Letters, 119(15), October 2017.
359 Ilya Belopolski, Kaustuv Manna, Daniel S. Sanchez, Guo-
qing Chang, Benedikt Ernst, Jiaxin Yin, Songtian S.
Zhang, Tyler Cochran, Nana Shumiya, Hao Zheng, Ba-
hadur Singh, Guang Bian, Daniel Multer, Maksim Litske-
vich, Xiaoting Zhou, Shin-Ming Huang, Baokai Wang,
Tay-Rong Chang, Su-Yang Xu, Arun Bansil, Claudia
Felser, Hsin Lin, and M. Zahid Hasan. Discovery of topo-
logical Weyl fermion lines and drumhead surface states
in a room temperature magnet. Science, 365(6459):1278–
1281, September 2019.
360 J.-Z. Ma, S. M. Nie, C. J. Yi, J. Jandke, T. Shang,
M. Y. Yao, M. Naamneh, L. Q. Yan, Y. Sun, A. Chik-
ina, V. N. Strocov, M. Medarde, M. Song, Y.-M. Xiong,
G. Xu, W. Wulfhekel, J. Mesot, M. Reticcioli, C. Fran-
chini, C. Mudry, M. Mu¨ller, Y. G. Shi, T. Qian, H. Ding,
and M. Shi. Spin fluctuation induced Weyl semimetal
state in the paramagnetic phase of EuCd 2 As 2. Science
Advances, 5(7):eaaw4718, July 2019.
361 J.-R. Soh, F. de Juan, M. G. Vergniory, N. B. M. Schro¨ter,
M. C. Rahn, D. Y. Yan, J. Jiang, M. Bristow, P. A. Reiss,
J. N. Blandy, Y. F. Guo, Y. G. Shi, T. K. Kim, A. Mc-
Collam, S. H. Simon, Y. Chen, A. I. Coldea, and A. T.
Boothroyd. Ideal Weyl semimetal induced by magnetic
exchange. Physical Review B, 100(20), November 2019.
362 Chandra Shekhar, Nitesh Kumar, V. Grinenko, Sanjay
Singh, R. Sarkar, H. Luetkens, Shu-Chun Wu, Yang
Zhang, Alexander C. Komarek, Erik Kampert, Yurii Sk-
ourski, Jochen Wosnitza, Walter Schnelle, Alix McCol-
lam, Uli Zeitler, Ju¨rgen Ku¨bler, Binghai Yan, H.-H.
Klauss, S. S. P. Parkin, and C. Felser. Anomalous Hall
effect in Weyl semimetal half-Heusler compounds RPtBi
(R = Gd and Nd). Proceedings of the National Academy
of Sciences, 115(37):9140–9144, September 2018.
363 C. Y. Guo, F. Wu, Z. Z. Wu, M. Smidman, C. Cao,
A. Bostwick, C. Jozwiak, E. Rotenberg, Y. Liu,
F. Steglich, and H. Q. Yuan. Evidence for Weyl fermions
in a canonical heavy-fermion semimetal YbPtBi. Nature
Communications, 9(1), December 2018.
364 Enke Liu, Yan Sun, Nitesh Kumar, Lukas Muechler, Aili
Sun, Lin Jiao, Shuo-Ying Yang, Defa Liu, Aiji Liang, Qi-
unan Xu, Johannes Kroder, Vicky Su¨ß, Horst Borrmann,
Chandra Shekhar, Zhaosheng Wang, Chuanying Xi, Wen-
hong Wang, Walter Schnelle, Steffen Wirth, Yulin Chen,
Sebastian T. B. Goennenwein, and Claudia Felser. Giant
anomalous Hall effect in a ferromagnetic kagome-lattice
semimetal. Nature Physics, 14(11):1125–1131, November
2018.
365 K. Kuroda, T. Tomita, M.-T. Suzuki, C. Bareille, A. A.
Nugroho, P. Goswami, M. Ochi, M. Ikhlas, M. Nakayama,
S. Akebi, R. Noguchi, R. Ishii, N. Inami, K. Ono,
H. Kumigashira, A. Varykhalov, T. Muro, T. Koretsune,
R. Arita, S. Shin, Takeshi Kondo, and S. Nakatsuji. Ev-
idence for magnetic Weyl fermions in a correlated metal.
Nature Materials, 16(11):1090–1095, November 2017.
366 Linda Ye, Mingu Kang, Junwei Liu, Felix von Cube,
Christina R. Wicker, Takehito Suzuki, Chris Jozwiak,
Aaron Bostwick, Eli Rotenberg, David C. Bell, Liang
Fu, Riccardo Comin, and Joseph G. Checkelsky. Massive
Dirac fermions in a ferromagnetic kagome metal. Nature,
555(7698):638–642, March 2018.
367 Jia-Xin Yin, Songtian S. Zhang, Hang Li, Kun Jiang,
Guoqing Chang, Bingjing Zhang, Biao Lian, Cheng Xi-
ang, Ilya Belopolski, Hao Zheng, Tyler A. Cochran, Su-
Yang Xu, Guang Bian, Kai Liu, Tay-Rong Chang, Hsin
Lin, Zhong-Yi Lu, Ziqiang Wang, Shuang Jia, Wenhong
Wang, and M. Zahid Hasan. Giant and anisotropic many-
body spin–orbit tunability in a strongly correlated kagome
magnet. Nature, 562(7725):91–95, October 2018.
368 Xiangang Wan, Ari M. Turner, Ashvin Vishwanath, and
Sergey Y. Savrasov. Topological semimetal and Fermi-
arc surface states in the electronic structure of pyrochlore
iridates. Physical Review B, 83(20), May 2011.
369 T. Suzuki, L. Savary, J.-P. Liu, J. W. Lynn, L. Balents,
and J. G. Checkelsky. Singular angular magnetoresistance
in a magnetic nodal semimetal. Science, 365(6451):377–
381, July 2019.
370 Peizhe Tang, Quan Zhou, Gang Xu, and Shou-Cheng
Zhang. Dirac fermions in an antiferromagnetic semimetal.
Nature Physics, 12(12):1100–1104, December 2016.
371 L. Sˇmejkal, J. Zˇelezny´, J. Sinova, and T. Jungwirth. Elec-
tric Control of Dirac Quasiparticles by Spin-Orbit Torque
in an Antiferromagnet. Physical Review Letters, 118(10),
March 2017.
372 Xiao Zhang, Shanshan Sun, and Hechang Lei. Massive
fermions with low mobility in antiferromagnet orthorhom-
bic CuMnAs single crystals. Physical Review B, 96(23),
December 2017.
49
373 M. Mofazzel Hosen, Gyanendra Dhakal, Klauss Dimitri,
Pablo Maldonado, Alex Aperis, Firoza Kabir, Christo-
pher Sims, Peter Riseborough, Peter M. Oppeneer, Dar-
iusz Kaczorowski, Tomasz Durakiewicz, and Madhab Ne-
upane. Discovery of topological nodal-line fermionic phase
in a magnetic material GdSbTe. Scientific Reports, 8(1),
December 2018.
374 Zhi-Guo Chen, Luyang Wang, Yu Song, Xingye Lu,
Huiqian Luo, Chenglin Zhang, Pengcheng Dai, Zhip-
ing Yin, Kristjan Haule, and Gabriel Kotliar. Two-
Dimensional Massless Dirac Fermions in Antiferromag-
netic A Fe 2 As 2 ( A = Ba , Sr ). Physical Review
Letters, 119(9), August 2017.
375 Peng Zhang, Zhijun Wang, Xianxin Wu, Koichiro
Yaji, Yukiaki Ishida, Yoshimitsu Kohama, Guangyang
Dai, Yue Sun, Cedric Bareille, Kenta Kuroda, Takeshi
Kondo, Kozo Okazaki, Koichi Kindo, Xiancheng Wang,
Changqing Jin, Jiangping Hu, Ronny Thomale, Kazuki
Sumida, Shilong Wu, Koji Miyamoto, Taichi Okuda,
Hong Ding, G. D. Gu, Tsuyoshi Tamegai, Takuto
Kawakami, Masatoshi Sato, and Shik Shin. Multiple
topological states in iron-based superconductors. Nature
Physics, 15(1):41–47, January 2019.
376 J. Fujioka, R. Yamada, M. Kawamura, S. Sakai, M. Hi-
rayama, R. Arita, T. Okawa, D. Hashizume, M. Hoshino,
and Y. Tokura. Strong-correlation induced high-mobility
electrons in Dirac semimetal of perovskite oxide. Nature
Communications, 10(1), December 2019.
377 Zhiyong Lin, Chongze Wang, Pengdong Wang, Seho Yi,
Lin Li, Qiang Zhang, Yifan Wang, Zhongyi Wang, Yan
Sun, Zhe Sun, Jun-Hyung Cho, Changgan Zeng, and
Zhenyu Zhang. Dirac Fermions in Antiferromagnetic FeSn
Kagome Lattices with Combined Space Inversion and
Time Reversal Symmetry. arXiv:1906.05755, page 14,
2019.
378 Mingu Kang, Linda Ye, Shiang Fang, Jhih-Shih You, Abe
Levitan, Minyong Han, Jorge I. Facio, Chris Jozwiak,
Aaron Bostwick, Eli Rotenberg, Mun K. Chan, Ross D.
McDonald, David Graf, Konstantine Kaznatcheev, Elio
Vescovo, David C. Bell, Efthimios Kaxiras, Jeroen
van den Brink, Manuel Richter, Madhav Prasad Ghimire,
Joseph G. Checkelsky, and Riccardo Comin. Dirac
fermions and flat bands in the ideal kagome metal FeSn.
Nature Materials, December 2019.
379 Ya Feng, Zhijun Wang, Chaoyu Chen, Youguo Shi, Zhuo-
jin Xie, Hemian Yi, Aiji Liang, Shaolong He, Junfeng He,
Yingying Peng, Xu Liu, Yan Liu, Lin Zhao, Guodong Liu,
Xiaoli Dong, Jun Zhang, Chuangtian Chen, Zuyan Xu,
Xi Dai, Zhong Fang, and X. J. Zhou. Strong Anisotropy
of Dirac Cones in SrMnBi2 and CaMnBi2 Revealed by
Angle-Resolved Photoemission Spectroscopy. Scientific
Reports, 4(1), May 2015.
380 Hyejin Ryu, Se Young Park, Lijun Li, Weijun Ren, Jef-
frey B. Neaton, Cedomir Petrovic, Choongyu Hwang, and
Sung-Kwan Mo. Anisotropic Dirac Fermions in BaMnBi2
and BaZnBi2. Scientific Reports, 8(1), December 2018.
381 Hidetoshi Masuda, Hideaki Sakai, Masashi Tokunaga,
Yuichi Yamasaki, Atsushi Miyake, Junichi Shiogai, Shin-
taro Nakamura, Satoshi Awaji, Atsushi Tsukazaki, Hi-
ronori Nakao, Youichi Murakami, Taka-hisa Arima,
Yoshinori Tokura, and Shintaro Ishiwata. Quantum Hall
effect in a bulk antiferromagnet EuMnBi 2 with magnet-
ically confined two-dimensional Dirac fermions. Science
Advances, 2(1):e1501117, January 2016.
382 Sergey Borisenko, Daniil Evtushinsky, Quinn Gibson,
Alexander Yaresko, Klaus Koepernik, Timur Kim,
Mazhar Ali, Jeroen van den Brink, Moritz Hoesch,
Alexander Fedorov, Erik Haubold, Yevhen Kushnirenko,
Ivan Soldatov, Rudolf Scha¨fer, and Robert J. Cava.
Time-reversal symmetry breaking type-II Weyl state in
YbMnBi2. Nature Communications, 10(1), December
2019.
383 Baojie Feng, Run-Wu Zhang, Ya Feng, Botao Fu, Shi-
long Wu, Koji Miyamoto, Shaolong He, Lan Chen, Kehui
Wu, Kenya Shimada, Taichi Okuda, and Yugui Yao. Dis-
covery of Weyl Nodal Lines in a Single-Layer Ferromag-
net. Physical Review Letters, 123(11):116401, September
2019.
384 Ding-Fu Shao, Gautam Gurung, Shu-Hui Zhang, and
Evgeny Y. Tsymbal. Dirac Nodal Line Metal for Topo-
logical Antiferromagnetic Spintronics. Physical Review
Letters, 122(7), February 2019.
385 F. D. M. Haldane. Model for a Quantum Hall Effect with-
out Landau Levels: Condensed-Matter Realization of the
”Parity Anomaly”. Physical Review Letters, 61(18):2015–
2018, October 1988.
386 Yoshinori Tokura, Kenji Yasuda, and Atsushi Tsukazaki.
Magnetic topological insulators. Nature Reviews Physics,
1(2):126–143, February 2019.
387 Zhenhua Qiao, Shengyuan A. Yang, Wanxiang Feng,
Wang-Kong Tse, Jun Ding, Yugui Yao, Jian Wang, and
Qian Niu. Quantum anomalous Hall effect in graphene
from Rashba and exchange effects. Physical Review B,
82(16), October 2010.
388 Hongbin Zhang, Cesar Lazo, Stefan Blu¨gel, Stefan Heinze,
and Yuriy Mokrousov. Electrically Tunable Quantum
Anomalous Hall Effect in Graphene Decorated by 5 d
Transition-Metal Adatoms. Physical Review Letters,
108(5), February 2012.
389 Z. F. Wang, Zheng Liu, and Feng Liu. Quantum Anoma-
lous Hall Effect in 2D Organic Topological Insulators.
Physical Review Letters, 110(19), May 2013.
390 Mahito Kohmoto, Bertrand I. Halperin, and Yong-Shi
Wu. Diophantine equation for the three-dimensional
quantum Hall effect. Physical Review B, 45(23):13488–
13493, June 1992.
391 C.M. Wang, Hai-Peng Sun, Hai-Zhou Lu, and X.C. Xie.
3D Quantum Hall Effect of Fermi Arcs in Topological
Semimetals. Physical Review Letters, 119(13), Septem-
ber 2017.
392 A. A. Burkov and Leon Balents. Weyl Semimetal in
a Topological Insulator Multilayer. Physical Review
Letters, 107(12), September 2011.
393 Su-Yang Xu, Madhab Neupane, Chang Liu, Duming
Zhang, Anthony Richardella, L. Andrew Wray, Nasser
Alidoust, Mats Leandersson, Thiagarajan Balasubrama-
nian, Jaime Sa´nchez-Barriga, Oliver Rader, Gabriel Lan-
dolt, Bartosz Slomski, Jan Hugo Dil, Ju¨rg Osterwalder,
Tay-Rong Chang, Horng-Tay Jeng, Hsin Lin, Arun Ban-
sil, Nitin Samarth, and M. Zahid Hasan. Hedgehog spin
texture and Berry’s phase tuning in a magnetic topologi-
cal insulator. Nature Physics, 8(8):616–622, August 2012.
394 J. Sa´nchez-Barriga, A. Varykhalov, G. Springholz,
H. Steiner, R. Kirchschlager, G. Bauer, O. Caha,
E. Schierle, E. Weschke, A. A. U¨nal, S. Valencia,
M. Dunst, J. Braun, H. Ebert, J. Mina´r, E. Golias, L. V.
Yashina, A. Ney, V. Holy´, and O. Rader. Nonmagnetic
band gap at the Dirac point of the magnetic topological
50
insulator (Bi1xMnx)2Se3. Nature Communications, 7(1),
April 2016.
395 E. D. L. Rienks, S. Wimmer, J. Sa´nchez-Barriga,
O. Caha, P. S. Mandal, J. Ru˚zˇicˇka, A. Ney, H. Steiner,
V. V. Volobuev, H. Groiss, M. Albu, G. Kothleit-
ner, J. Michalicˇka, S. A. Khan, J. Mina´r, H. Ebert,
G. Bauer, F. Freyse, A. Varykhalov, O. Rader, and
G. Springholz. Large magnetic gap at the Dirac
point in Bi2Te3/MnBi2Te4 heterostructures. Nature,
576(7787):423–428, December 2019.
396 Xiao-Liang Qi, Taylor L. Hughes, and Shou-Cheng Zhang.
Topological field theory of time-reversal invariant insula-
tors. Physical Review B, 78(19), November 2008.
397 Ke He and Qi-Kun Xue. Quantum anomalous Hall het-
erostructures. National Science Review, 6(2):202, March
2019.
398 Masataka Mogi, Minoru Kawamura, Atsushi Tsukazaki,
Ryutaro Yoshimi, Kei S. Takahashi, Masashi Kawasaki,
and Yoshinori Tokura. Tailoring tricolor structure of
magnetic topological insulator for robust axion insulator.
Science Advances, 3(10):eaao1669, October 2017.
399 S. Grauer, K.M. Fijalkowski, S. Schreyeck, M. Win-
nerlein, K. Brunner, R. Thomale, C. Gould, and L.W.
Molenkamp. Scaling of the Quantum Anomalous Hall Ef-
fect as an Indicator of Axion Electrodynamics. Physical
Review Letters, 118(24), June 2017.
400 Di Xiao, Jue Jiang, Jae-Ho Shin, Wenbo Wang, Fei Wang,
Yi-Fan Zhao, Chaoxing Liu, Weida Wu, Moses H.W.
Chan, Nitin Samarth, and Cui-Zu Chang. Realization
of the Axion Insulator State in Quantum Anomalous
Hall Sandwich Heterostructures. Physical Review Letters,
120(5), January 2018.
401 R. C. Vidal, H. Bentmann, T. R. F. Peixoto, A. Zeugner,
S. Moser, C.-H. Min, S. Schatz, K. Kißner, M. U¨nzelmann,
C. I. Fornari, H. B. Vasili, M. Valvidares, K. Sakamoto,
D. Mondal, J. Fujii, I. Vobornik, S. Jung, C. Cacho, T. K.
Kim, R. J. Koch, C. Jozwiak, A. Bostwick, J. D. Den-
linger, E. Rotenberg, J. Buck, M. Hoesch, F. Diekmann,
S. Rohlf, M. Kalla¨ne, K. Rossnagel, M. M. Otrokov, E. V.
Chulkov, M. Ruck, A. Isaeva, and F. Reinert. Surface
states and Rashba-type spin polarization in antiferromag-
netic MnBi 2 Te 4 (0001). Physical Review B, 100(12),
September 2019.
402 Bo Chen, Fucong Fei, Dongqin Zhang, Bo Zhang, Wan-
ling Liu, Shuai Zhang, Pengdong Wang, Boyuan Wei,
Yong Zhang, Zewen Zuo, Jingwen Guo, Qianqian Liu, Zilu
Wang, Xuchuan Wu, Junyu Zong, Xuedong Xie, Wang
Chen, Zhe Sun, Shancai Wang, Yi Zhang, Minhao Zhang,
Xuefeng Wang, Fengqi Song, Haijun Zhang, Dawei Shen,
and Baigeng Wang. Intrinsic magnetic topological insu-
lator phases in the Sb doped MnBi2Te4 bulks and thin
flakes. Nature Communications, 10(1), December 2019.
403 Seng Huat Lee, Yanglin Zhu, Yu Wang, Leixin Miao, Tim-
othy Pillsbury, Hemian Yi, Susan Kempinger, Jin Hu,
Colin A. Heikes, P. Quarterman, William Ratcliff, Julie A.
Borchers, Heda Zhang, Xianglin Ke, David Graf, Nasim
Alem, Cui-Zu Chang, Nitin Samarth, and Zhiqiang Mao.
Spin scattering and noncollinear spin structure-induced
intrinsic anomalous Hall effect in antiferromagnetic topo-
logical insulator MnB i 2 T e 4. Physical Review Research,
1(1), August 2019.
404 Yu-Jie Hao, Pengfei Liu, Yue Feng, Xiao-Ming Ma,
Eike F. Schwier, Masashi Arita, Shiv Kumar, Chaowei
Hu, Rui’e Lu, Meng Zeng, Yuan Wang, Zhanyang Hao,
Hong-Yi Sun, Ke Zhang, Jiawei Mei, Ni Ni, Liusuo Wu,
Kenya Shimada, Chaoyu Chen, Qihang Liu, and Chang
Liu. Gapless Surface Dirac Cone in Antiferromagnetic
Topological Insulator MnBi 2 Te 4. Physical Review X,
9(4), November 2019.
405 Y.J. Chen, L.X. Xu, J.H. Li, Y.W. Li, H.Y. Wang, C.F.
Zhang, H. Li, Y. Wu, A.J. Liang, C. Chen, S.W. Jung,
C. Cacho, Y.H. Mao, S. Liu, M.X. Wang, Y.F. Guo,
Y. Xu, Z.K. Liu, L.X. Yang, and Y.L. Chen. Topolog-
ical Electronic Structure and Its Temperature Evolution
in Antiferromagnetic Topological Insulator MnBi 2 Te 4.
Physical Review X, 9(4), November 2019.
406 Jiaheng Li, Yang Li, Shiqiao Du, Zun Wang, Bing-Lin Gu,
Shou-Cheng Zhang, Ke He, Wenhui Duan, and Yong Xu.
Intrinsic magnetic topological insulators in van der Waals
layered MnBi 2 Te 4 -family materials. Science Advances,
5(6):eaaw5685, June 2019.
407 R. J. Cava, Huiwen Ji, M. K. Fuccillo, Q. D. Gibson, and
Y. S. Hor. Crystal structure and chemistry of topological
insulators. Journal of Materials Chemistry C, 1(19):3176,
2013.
408 Tanja Scholz and Bettina V. Lotsch. Utilizing Chemical
Intuition in the Search for New Quantum Materials. ACS
Central Science, May 2019.
409 Geunsik Lee, Muhammad A. Farhan, Jun Sung Kim, and
Ji Hoon Shim. Anisotropic Dirac electronic structures of
A MnBi 2 ( A = Sr ,Ca). Physical Review B, 87(24), June
2013.
410 Changjiang Yi, Shuai Yang, Meng Yang, Le Wang, Yoshi-
taka Matsushita, Shanshan Miao, Yuanyuan Jiao, Jin-
guang Cheng, Yongqing Li, Kazunari Yamaura, Youguo
Shi, and Jianlin Luo. Large negative magnetoresistance
of a nearly Dirac material: Layered antimonide EuMnS b
2. Physical Review B, 96(20), November 2017.
411 M Arshad Farhan, Geunsik Lee, and Ji Hoon Shim.
AEMnSb 2 (AE=Sr, Ba): a new class of Dirac materi-
als. Journal of Physics: Condensed Matter, 26(4):042201,
January 2014.
412 J. B. He, Y. Fu, L. X. Zhao, H. Liang, D. Chen, Y. M.
Leng, X. M. Wang, J. Li, S. Zhang, M. Q. Xue, C. H.
Li, P. Zhang, Z. A. Ren, and G. F. Chen. Quasi-
two-dimensional massless Dirac fermions in CaMnSb 2.
Physical Review B, 95(4), January 2017.
413 J. Y. Liu, J. Hu, Q. Zhang, D. Graf, H. B. Cao, S. M. A.
Radmanesh, D. J. Adams, Y. L. Zhu, G. F. Cheng, X. Liu,
W. A. Phelan, J. Wei, M. Jaime, F. Balakirev, D. A.
Tennant, J. F. DiTusa, I. Chiorescu, L. Spinu, and Z. Q.
Mao. A magnetic topological semimetal Sr1yMn1zSb2 (y,
z < 0.1). Nature Materials, 16(9):905–910, September
2017.
414 Silu Huang, Jisun Kim, W. A. Shelton, E. W. Plum-
mer, and Rongying Jin. Nontrivial Berry phase in mag-
netic BaMnSb 2 semimetal. Proceedings of the National
Academy of Sciences, 114(24):6256–6261, June 2017.
415 Robert Kealhofer, Sooyoung Jang, Sine´ad M. Griffin,
Caolan John, Katherine A. Benavides, Spencer Doyle,
T. Helm, Philip J. W. Moll, Jeffrey B. Neaton, Julia Y.
Chan, J. D. Denlinger, and James G. Analytis. Obser-
vation of a two-dimensional Fermi surface and Dirac dis-
persion in YbMnSb 2. Physical Review B, 97(4), January
2018.
416 Zeying Zhang, Qiang Gao, Cheng-Cheng Liu, Hongbin
Zhang, and Yugui Yao. Magnetization-direction tunable
nodal-line and Weyl phases. Physical Review B, 98(12),
51
September 2018.
417 Chengwang Niu, Jan-Philipp Hanke, Patrick M. Buhl,
Hongbin Zhang, Lukasz Plucinski, Daniel Wortmann, Ste-
fan Blu¨gel, Gustav Bihlmayer, and Yuriy Mokrousov.
Mixed topological semimetals driven by orbital com-
plexity in two-dimensional ferromagnets. Nature
Communications, 10(1), December 2019.
418 Lucile Savary and Leon Balents. Quantum spin liquids:
a review. Reports on Progress in Physics, 80(1):016502,
January 2017.
419 A.A. Burkov. Anomalous Hall Effect in Weyl Metals.
Physical Review Letters, 113(18), October 2014.
420 H.B. Nielsen and Masao Ninomiya. The Adler-Bell-Jackiw
anomaly and Weyl fermions in a crystal. Physics Letters
B, 130(6):389–396, November 1983.
421 Pavan Hosur and Xiaoliang Qi. Recent developments
in transport phenomena in Weyl semimetals. Comptes
Rendus Physique, 14(9-10):857–870, November 2013.
422 I. I. Mazin, Harald O. Jeschke, Frank Lechermann, Hun-
pyo Lee, Mario Fink, Ronny Thomale, and Roser Va-
lent´ı. Theoretical prediction of a strongly correlated Dirac
metal. Nature Communications, 5(1), September 2014.
423 Adrien Bolens and Naoto Nagaosa. Topological states on
the breathing kagome lattice. Physical Review B, 99(16),
April 2019.
424 Satya N. Guin, Praveen Vir, Yang Zhang, Nitesh Ku-
mar, Sarah J. Watzman, Chenguang Fu, Enke Liu, Kaus-
tuv Manna, Walter Schnelle, Johannes Gooth, Chan-
dra Shekhar, Yan Sun, and Claudia Felser. Zero-
Field Nernst Effect in a Ferromagnetic Kagome-Lattice
Weyl-Semimetal Co 3 Sn 2 S 2. Advanced Materials,
31(25):1806622, June 2019.
425 Benedikt Ernst, Roshnee Sahoo, Yan Sun, Jayita Nayak,
Lukas Muechler, Ajaya K. Nayak, Nitesh Kumar, Anas-
tasios Markou, Gerhard H. Fecher, and Claudia Felser.
Manifestation of the Berry curvature in Co2TiSn Heusler
films. Physical Review B, 100(5):054445, August 2019.
arXiv: 1710.04393.
426 Zhijun Wang, M.G. Vergniory, S. Kushwaha, Max
Hirschberger, E.V. Chulkov, A. Ernst, N.P. Ong,
Robert J. Cava, and B. Andrei Bernevig. Time-Reversal-
Breaking Weyl Fermions in Magnetic Heusler Alloys.
Physical Review Letters, 117(23), November 2016.
427 Hyo-Sun Jin, Young-Joon Song, Warren E. Pickett, and
Kwan-Woo Lee. Noncentrosymmetric compensated half-
metal hosting pure spin Weyl nodes, triple nodal points,
nodal loops, and nexus fermions. Physical Review
Materials, 3(2), February 2019.
428 Hao Yang, Yan Sun, Yang Zhang, Wu-Jun Shi, Stuart S P
Parkin, and Binghai Yan. Topological Weyl semimetals in
the chiral antiferromagnetic materials Mn 3 Ge and Mn 3
Sn. New Journal of Physics, 19(1):015008, January 2017.
429 Satoru Nakatsuji, Naoki Kiyohara, and Tomoya Higo.
Large anomalous Hall effect in a non-collinear antiferro-
magnet at room temperature. Nature, 527(7577):212–215,
November 2015.
430 Z. Q. Liu, H. Chen, J. M. Wang, J. H. Liu, K. Wang, Z. X.
Feng, H. Yan, X. R. Wang, C. B. Jiang, J. M. D. Coey, and
A. H. MacDonald. Electrical switching of the topological
anomalous Hall effect in a non-collinear antiferromagnet
above room temperature. Nature Electronics, 1(3):172–
177, March 2018.
431 Jeffrey G. Rau, Eric Kin-Ho Lee, and Hae-Young Kee.
Spin-Orbit Physics Giving Rise to Novel Phases in Corre-
lated Systems: Iridates and Related Materials. Annual
Review of Condensed Matter Physics, 7(1):195–221,
March 2016.
432 William Witczak-Krempa, Gang Chen, Yong Baek Kim,
and Leon Balents. Correlated Quantum Phenomena in the
Strong Spin-Orbit Regime. Annual Review of Condensed
Matter Physics, 5(1):57–82, March 2014.
433 B. J. Kim, Hosub Jin, S. J. Moon, J.-Y. Kim, B.-G. Park,
C. S. Leem, Jaejun Yu, T. W. Noh, C. Kim, S.-J. Oh, J.-
H. Park, V. Durairaj, G. Cao, and E. Rotenberg. Novel J
eff = 1 / 2 Mott State Induced by Relativistic Spin-Orbit
Coupling in Sr 2 IrO 4. Physical Review Letters, 101(7),
August 2008.
434 Ara Go, William Witczak-Krempa, Gun Sang Jeon, Kwon
Park, and Yong Baek Kim. Correlation Effects on 3D
Topological Phases: From Bulk to Boundary. Physical
Review Letters, 109(6), August 2012.
435 Dmytro Pesin and Leon Balents. Mott physics and band
topology in materials with strong spin–orbit interaction.
Nature Physics, 6(5):376–381, May 2010.
436 M. Nakayama, Takeshi Kondo, Z. Tian, J.J. Ishikawa,
M. Halim, C. Bareille, W. Malaeb, K. Kuroda, T. Tomita,
S. Ideta, K. Tanaka, M. Matsunami, S. Kimura, N. Inami,
K. Ono, H. Kumigashira, L. Balents, S. Nakatsuji, and
S. Shin. Slater to Mott Crossover in the Metal to Insula-
tor Transition of Nd 2 Ir 2 O 7. Physical Review Letters,
117(5), July 2016.
437 Kentaro Ueda, Ryoma Kaneko, Hiroaki Ishizuka, Jun Fu-
jioka, Naoto Nagaosa, and Yoshinori Tokura. Sponta-
neous Hall effect in the Weyl semimetal candidate of all-in
all-out pyrochlore iridate. Nature Communications, 9(1),
December 2018.
438 K. Ueda, J. Fujioka, B.-J. Yang, J. Shiogai, A. Tsukazaki,
S. Nakamura, S. Awaji, N. Nagaosa, and Y. Tokura. Mag-
netic Field-Induced Insulator-Semimetal Transition in a
Pyrochlore Nd 2 Ir 2 O 7. Physical Review Letters, 115(5),
July 2015.
439 Kentaro Ueda, Taekoo Oh, Bohm-Jung Yang, Ryoma
Kaneko, Jun Fujioka, Naoto Nagaosa, and Yoshinori
Tokura. Magnetic-field induced multiple topological
phases in pyrochlore iridates with Mott criticality. Nature
Communications, 8(1), August 2017.
440 Zhaoming Tian, Yoshimitsu Kohama, Takahiro Tomita,
Hiroaki Ishizuka, Timothy H. Hsieh, Jun J. Ishikawa,
Koichi Kindo, Leon Balents, and Satoru Nakatsuji. Field-
induced quantum metal–insulator transition in the py-
rochlore iridate Nd2Ir2O7. Nature Physics, 12(2):134–
138, February 2016.
441 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
Y. Zhang, S.V. Dubonos, I. V. Grigorieva, and A.A.
Firsov. Electric Field Effect in Atomically Thin Carbon
Films. Science, 306(5696):666–669, October 2004.
442 Deji Akinwande, Christopher J. Brennan, J. Scott Bunch,
Philip Egberts, Jonathan R. Felts, Huajian Gao, Rui
Huang, Joon-Seok Kim, Teng Li, Yao Li, Kenneth M.
Liechti, Nanshu Lu, Harold S. Park, Evan J. Reed, Peng
Wang, Boris I. Yakobson, Teng Zhang, Yong-Wei Zhang,
Yao Zhou, and Yong Zhu. A review on mechanics and
mechanical properties of 2D materials—Graphene and be-
yond. Extreme Mechanics Letters, 13:42–77, May 2017.
443 Deji Akinwande, Cedric Huyghebaert, Ching-Hua Wang,
Martha I. Serna, Stijn Goossens, Lain-Jong Li, H.-
S. Philip Wong, and Frank H. L. Koppens. Graphene and
two-dimensional materials for silicon technology. Nature,
52
573(7775):507–518, September 2019.
444 Quoc An Vu and Woo Jong Yu. Electronics and Opto-
electronics Based on Two-Dimensional Materials. Journal
of the Korean Physical Society, 73(1):1–15, July 2018.
445 Yu Saito, Yasuharu Nakamura, Mohammad Saeed
Bahramy, Yoshimitsu Kohama, Jianting Ye, Yuichi Kasa-
hara, Yuji Nakagawa, Masaru Onga, Masashi Tokunaga,
Tsutomu Nojima, Youichi Yanase, and Yoshihiro Iwasa.
Superconductivity protected by spin–valley locking in ion-
gated MoS2. Nature Physics, 12(2):144–149, February
2016.
446 Bevin Huang, Genevieve Clark, Efre´n Navarro-Moratalla,
Dahlia R. Klein, Ran Cheng, Kyle L. Seyler, Ding Zhong,
Emma Schmidgall, Michael A. McGuire, David H. Cob-
den, Wang Yao, Di Xiao, Pablo Jarillo-Herrero, and Xi-
aodong Xu. Layer-dependent ferromagnetism in a van
der Waals crystal down to the monolayer limit. Nature,
546(7657):270–273, June 2017.
447 Cheng Gong, Lin Li, Zhenglu Li, Huiwen Ji, Alex Stern,
Yang Xia, Ting Cao, Wei Bao, Chenzhe Wang, Yuan
Wang, Z. Q. Qiu, R. J. Cava, Steven G. Louie, Jing
Xia, and Xiang Zhang. Discovery of intrinsic ferromag-
netism in two-dimensional van der Waals crystals. Nature,
546(7657):265–269, June 2017.
448 Zaiyao Fei, Bevin Huang, Paul Malinowski, Wenbo Wang,
Tiancheng Song, Joshua Sanchez, Wang Yao, Di Xiao, Xi-
aoyang Zhu, Andrew F. May, Weida Wu, David H. Cob-
den, Jiun-Haw Chu, and Xiaodong Xu. Two-dimensional
itinerant ferromagnetism in atomically thin Fe3GeTe2.
Nature Materials, 17(9):778–782, September 2018.
449 N. D. Mermin and H. Wagner. Absence of Fer-
romagnetism or Antiferromagnetism in One- or Two-
Dimensional Isotropic Heisenberg Models. Physical
Review Letters, 17(22):1133–1136, November 1966.
450 Lars Onsager. Crystal Statistics. I. A Two-Dimensional
Model with an Order-Disorder Transition. Physical
Review, 65(3-4):117–149, February 1944.
451 Patrick Bruno. Spin-wave theory of two-dimensional
ferromagnets in the presence of dipolar interactions
and magnetocrystalline anisotropy. Physical Review B,
43(7):6015–6021, March 1991.
452 P. A. Joy and S. Vasudevan. Magnetism in the layered
transition-metal thiophosphates M PS 3 ( M =Mn, Fe,
and Ni). Physical Review B, 46(9):5425–5433, September
1992.
453 Je-Geun Park. Opportunities and challenges of 2D
magnetic van der Waals materials: magnetic graphene?
Journal of Physics: Condensed Matter, 28(30):301001,
August 2016.
454 Kangwon Kim, Soo Yeon Lim, Jae-Ung Lee, Sungmin Lee,
Tae Yun Kim, Kisoo Park, Gun Sang Jeon, Cheol-Hwan
Park, Je-Geun Park, and Hyeonsik Cheong. Suppres-
sion of magnetic ordering in XXZ-type antiferromagnetic
monolayer NiPS3. Nature Communications, 10(1):345,
December 2019.
455 J.M. Kosterlit and D.J. Thouless. Ordering, metastabil-
ity and phase transitions in two-dimensional systems. J.
Phys. C: Solid State Phys., 6:1181, 1973.
456 J L Lado and J Ferna´ndez-Rossier. On the origin of mag-
netic anisotropy in two dimensional CrI 3. 2D Materials,
4(3):035002, June 2017.
457 Dong-Hwan Kim, Kyoo Kim, Kyung-Tae Ko, JunHo Seo,
Jun Sung Kim, Tae-Hwan Jang, Younghak Kim, Jae-
Young Kim, Sang-Wook Cheong, and Jae-Hoon Park.
Giant Magnetic Anisotropy Induced by Ligand L S Cou-
pling in Layered Cr Compounds. Physical Review Letters,
122(20):207201, May 2019.
458 Hyun Ho Kim, Bowen Yang, Siwen Li, Shengwei Jiang,
Chenhao Jin, Zui Tao, George Nichols, Francois Sfigakis,
Shazhou Zhong, Chenghe Li, Shangjie Tian, David G.
Cory, Guo-Xing Miao, Jie Shan, Kin Fai Mak, Hechang
Lei, Kai Sun, Liuyan Zhao, and Adam W. Tsen. Evolution
of interlayer and intralayer magnetism in three atomically
thin chromium trihalides. Proceedings of the National
Academy of Sciences, 116(23):11131–11136, June 2019.
459 Tiancheng Song, Zaiyao Fei, Matthew Yankowitz, Zhong
Lin, Qianni Jiang, Kyle Hwangbo, Qi Zhang, Bosong Sun,
Takashi Taniguchi, Kenji Watanabe, Michael McGuire,
David Graf, Ting Cao, Jiun-Haw Chu, David H. Cobden,
Cory R. Dean, Di Xiao, and Xiaodong Xu. Switching
2D magnetic states via pressure tuning of layer stacking.
Nature Materials, page 6, 2019.
460 Tingxin Li, Shengwei Jiang, Nikhil Sivadas, Zefang Wang,
Yang Xu, Daniel Weber, Joshua E. Goldberger, Kenji
Watanabe, Takashi Taniguchi, Craig. J. Fennie, Kin Fai
Mak, and Jie Shan. Pressure-controlled interlayer mag-
netism in atomically thin CrI3. Nature Materials, page 7,
2019.
461 Nikhil Sivadas, Satoshi Okamoto, Xiaodong Xu, Craig. J.
Fennie, and Di Xiao. Stacking-Dependent Magnetism in
Bilayer CrI 3. Nano Letters, 18(12):7658–7664, December
2018.
462 Michael A. McGuire, Hemant Dixit, Valentino R. Cooper,
and Brian C. Sales. Coupling of Crystal Structure and
Magnetism in the Layered, Ferromagnetic Insulator CrI
3. Chemistry of Materials, 27(2):612–620, January 2015.
463 Dahlia R. Klein, David MacNeill, Qian Song, Daniel T.
Larson, Shiang Fang, Mingyu Xu, R. A. Ribeiro, P. C.
Canfield, Efthimios Kaxiras, Riccardo Comin, and Pablo
Jarillo-Herrero. Enhancement of interlayer exchange in
an ultrathin two-dimensional magnet. Nature Physics,
September 2019.
464 Omar Besbes, Sergey Nikolaev, Noureddine Meskini, and
Igor Solovyev. Microscopic origin of ferromagnetism in
the trihalides CrCl 3 and CrI 3. Physical Review B,
99(10):104432, March 2019.
465 A R Wildes, K C Rule, R I Bewley, M Enderle, and T J
Hicks. The magnon dynamics and spin exchange param-
eters of FePS 3. Journal of Physics: Condensed Matter,
24(41):416004, October 2012.
466 Nikhil Sivadas, Matthew W. Daniels, Robert H. Swend-
sen, Satoshi Okamoto, and Di Xiao. Magnetic ground
state of semiconducting transition-metal trichalcogenide
monolayers. Physical Review B, 91(23):235425, June
2015.
467 S. Bornemann, J. Mina´r, J. Braun, D. Ko¨dderitzsch, and
H. Ebert. Ab-initio description of the magnetic shape
anisotropy due to the Breit interaction. Solid State
Communications, 152(2):85–89, January 2012.
468 Chao Lei, Bheema Lingam Chittari, Kentaro Nomura,
Nepal Banerjee, Jeil Jung, and Allan H. MacDonald.
Magnetoelectric Response of Antiferromagnetic Van der
Waals Bilayers. arXiv:1902.06418 [cond-mat], February
2019. arXiv: 1902.06418.
469 Hidenori Takagi, Tomohiro Takayama, George Jackeli,
Giniyat Khaliullin, and Stephen E. Nagler. Concept
and realization of Kitaev quantum spin liquids. Nature
Reviews Physics, 1(4):264–280, April 2019.
53
470 Changsong Xu, Junsheng Feng, Hongjun Xiang, and Lau-
rent Bellaiche. Interplay between Kitaev interaction and
single ion anisotropy in ferromagnetic CrI3 and CrGeTe3
monolayers. npj Computational Materials, 4(1):57, De-
cember 2018.
471 Hong Wang, Cuixiang Wang, Yan Zhu, Zi-An Li, Hong-
bin Zhang, Huanfang Tian, Youguo Shi, Huaixin Yang,
and Jianqi Li. Direct observations of chiral spin tex-
tures in van der Waals magnet Fe3GeTe2 nanolayers.
arXiv:1907.08382, 2019.
472 Tae-Eon Park, Licong Peng, Xichao Zhang, Sung Jong
Kim, Kyung Mee Song, Kwangsu Kim, Markus Weigand,
Gisela Schu¨tz, Simone Finizio, Jo¨rg Raabe, Jing Xia,
Yan Zhou, Motohiko Ezawa, Xiaoxi Liu, Joonyeon Chang,
Hyun Cheol Koo, Duck Kim, Xiuzhen Yu, and Seonghoon
Woo. Observation of magnetic skyrmion crystals in a
van der Waals ferromagnet Fe3GeTe2. arXiv:1907.01425,
2019.
473 Y. F. Li, W. Wang, W. Guo, C. Y. Gu, H. Y. Sun, L. He,
J. Zhou, Z. B. Gu, Y. F. Nie, and X. Q. Pan. Elec-
tronic structure of ferromagnetic semiconductor CrGeTe
3 by angle-resolved photoemission spectroscopy. Physical
Review B, 98(12):125127, September 2018.
474 M. Suzuki, B. Gao, K. Koshiishi, S. Nakata, K. Hagi-
wara, C. Lin, Y. X. Wan, H. Kumigashira, K. Ono,
Sungmo Kang, Seungjin Kang, J. Yu, M. Kobayashi, S.-
W. Cheong, and A. Fujimori. Coulomb-interaction effect
on the two-dimensional electronic structure of the van der
Waals ferromagnet C r 2 G e 2 T e 6. Physical Review B,
99(16):161401, April 2019.
475 J. Zeisner, A. Alfonsov, S. Selter, S. Aswartham, M. P.
Ghimire, M. Richter, J. van den Brink, B. Bu¨chner, and
V. Kataev. Magnetic anisotropy and spin-polarized two-
dimensional electron gas in the van der Waals ferromagnet
Cr 2 Ge 2 Te 6. Physical Review B, 99(16):165109, April
2019.
476 Jiaxin Zhang, Xiaochan Cai, Wei Xia, Aiji Liang, Junwei
Huang, Chengwei Wang, Lexian Yang, Hongtao Yuan,
Yulin Chen, Shilei Zhang, Yanfeng Guo, Zhongkai Liu,
and Gang Li. Unveiling Electronic Correlation and
the Ferromagnetic Superexchange Mechanism in the van
der Waals Crystal CrSiTe 3. Physical Review Letters,
123(4):047203, July 2019.
477 Kyle L. Seyler, Ding Zhong, Dahlia R. Klein, Shiyuan
Gao, Xiaoou Zhang, Bevin Huang, Efre´n Navarro-
Moratalla, Li Yang, David H. Cobden, Michael A.
McGuire, Wang Yao, Di Xiao, Pablo Jarillo-Herrero, and
Xiaodong Xu. Ligand-field helical luminescence in a 2D
ferromagnetic insulator. Nature Physics, 14(3):277–281,
March 2018.
478 Yun Zhang, Haiyan Lu, Xiegang Zhu, Shiyong Tan, Wei
Feng, Qin Liu, Wen Zhang, Qiuyun Chen, Yi Liu, Xue-
bing Luo, Donghua Xie, Lizhu Luo, Zhengjun Zhang, and
Xinchun Lai. Emergence of Kondo lattice behavior in a
van der Waals itinerant ferromagnet, Fe 3 GeTe 2. Science
Advances, 4(1):eaao6791, January 2018.
479 Bevin Huang, Genevieve Clark, Dahlia R. Klein, David
MacNeill, Efre´n Navarro-Moratalla, Kyle L. Seyler,
Nathan Wilson, Michael A. McGuire, David H. Cobden,
Di Xiao, Wang Yao, Pablo Jarillo-Herrero, and Xiaodong
Xu. Electrical control of 2D magnetism in bilayer CrI3.
Nature Nanotechnology, 13(7):544–548, July 2018.
480 Shengwei Jiang, Jie Shan, and Kin Fai Mak. Electric-
field switching of two-dimensional van der Waals magnets.
Nature Materials, 17(5):406–410, May 2018.
481 Shengwei Jiang, Lizhong Li, Zefang Wang, Kin Fai Mak,
and Jie Shan. Controlling magnetism in 2D CrI3 by elec-
trostatic doping. Nature Nanotechnology, 13(7):549–553,
July 2018.
482 Yujun Deng, Yijun Yu, Yichen Song, Jingzhao Zhang,
Nai Zhou Wang, Zeyuan Sun, Yangfan Yi, Yi Zheng
Wu, Shiwei Wu, Junyi Zhu, Jing Wang, Xian Hui Chen,
and Yuanbo Zhang. Gate-tunable room-temperature
ferromagnetism in two-dimensional Fe3GeTe2. Nature,
563(7729):94–99, November 2018.
483 Bheema Lingam Chittari, Youngju Park, Dongkyu Lee,
Moonsup Han, Allan H. MacDonald, Euyheon Hwang,
and Jeil Jung. Electronic and magnetic properties of
single-layer M P X 3 metal phosphorous trichalcogenides.
Physical Review B, 94(18):184428, November 2016.
484 Zewen Wu, Jin Yu, and Shengjun Yuan. Strain-tunable
magnetic and electronic properties of monolayer CrI 3.
Physical Chemistry Chemical Physics, 21(15):7750–7755,
2019.
485 Houlong L. Zhuang, P. R. C. Kent, and Richard G. Hen-
nig. Strong anisotropy and magnetostriction in the two-
dimensional Stoner ferromagnet Fe 3 GeTe 2. Physical
Review B, 93(13):134407, April 2016.
486 M. Gibertini, M. Koperski, A. F. Morpurgo, and K. S.
Novoselov. Magnetic 2D materials and heterostructures.
Nature Nanotechnology, 14(5):408–419, May 2019.
487 D. R. Klein, D. MacNeill, J. L. Lado, D. Soriano,
E. Navarro-Moratalla, K. Watanabe, T. Taniguchi,
S. Manni, P. Canfield, J. Ferna´ndez-Rossier, and
P. Jarillo-Herrero. Probing magnetism in 2D van
der Waals crystalline insulators via electron tunneling.
Science, 360(6394):1218–1222, June 2018.
488 Zhe Wang, Ignacio Gutie´rrez-Lezama, Nicolas Ubrig,
Martin Kroner, Marco Gibertini, Takashi Taniguchi,
Kenji Watanabe, Atac¸ Imamog˘lu, Enrico Giannini, and
Alberto F. Morpurgo. Very large tunneling magnetore-
sistance in layered magnetic semiconductor CrI3. Nature
Communications, 9(1):2516, December 2018.
489 Tiancheng Song, Xinghan Cai, Matisse Wei-Yuan Tu, Xi-
aoou Zhang, Bevin Huang, Nathan P. Wilson, Kyle L.
Seyler, Lin Zhu, Takashi Taniguchi, Kenji Watanabe,
Michael A. McGuire, David H. Cobden, Di Xiao, Wang
Yao, and Xiaodong Xu. Giant tunneling magnetore-
sistance in spin-filter van der Waals heterostructures.
Science, 360(6394):1214–1218, June 2018.
490 Hyun Ho Kim, Bowen Yang, Tarun Patel, Francois Sfi-
gakis, Chenghe Li, Shangjie Tian, Hechang Lei, and
Adam W. Tsen. One Million Percent Tunnel Magnetore-
sistance in a Magnetic van der Waals Heterostructure.
Nano Letters, 18(8):4885–4890, August 2018.
491 Tiancheng Song, Matisse Wei-Yuan Tu, Caitlin Car-
nahan, Xinghan Cai, Takashi Taniguchi, Kenji Watan-
abe, Michael A. McGuire, David H. Cobden, Di Xiao,
Wang Yao, and Xiaodong Xu. Voltage Control of a van
der Waals Spin-Filter Magnetic Tunnel Junction. Nano
Letters, 19(2):915–920, February 2019.
492 Shengwei Jiang, Lizhong Li, Zefang Wang, Jie Shan, and
Kin Fai Mak. Spin tunnel field-effect transistors based on
two-dimensional van der Waals heterostructures. Nature
Electronics, 2(4):159–163, April 2019.
493 Zhe Wang, Deepak Sapkota, Takashi Taniguchi, Kenji
Watanabe, David Mandrus, and Alberto F. Morpurgo.
Tunneling Spin Valves Based on Fe 3 GeTe 2 /hBN/Fe
54
3 GeTe 2 van der Waals Heterostructures. Nano Letters,
18(7):4303–4308, July 2018.
494 John R. Schaibley, Hongyi Yu, Genevieve Clark, Pasqual
Rivera, Jason S. Ross, Kyle L. Seyler, Wang Yao, and
Xiaodong Xu. Valleytronics in 2D materials. Nature
Reviews Materials, 1(11):16055, November 2016.
495 Di Xiao, Gui-Bin Liu, Wanxiang Feng, Xiaodong Xu, and
Wang Yao. Coupled Spin and Valley Physics in Mono-
layers of MoS 2 and Other Group-VI Dichalcogenides.
Physical Review Letters, 108(19):196802, May 2012.
496 Ding Zhong, Kyle L. Seyler, Xiayu Linpeng, Ran Cheng,
Nikhil Sivadas, Bevin Huang, Emma Schmidgall, Takashi
Taniguchi, Kenji Watanabe, Michael A. McGuire, Wang
Yao, Di Xiao, Kai-Mei C. Fu, and Xiaodong Xu. Van
der Waals engineering of ferromagnetic semiconductor
heterostructures for spin and valleytronics. Science
Advances, 3(5):e1603113, May 2017.
497 X. Li, T. Cao, Q. Niu, J. Shi, and J. Feng. Coupling
the valley degree of freedom to antiferromagnetic or-
der. Proceedings of the National Academy of Sciences,
110(10):3738–3742, March 2013.
498 Michael Ashton, Joshua Paul, Susan B. Sinnott, and
Richard G. Hennig. Topology-Scaling Identification
of Layered Solids and Stable Exfoliated 2D Materials.
Physical Review Letters, 118(10):106101, March 2017.
499 Nicolas Mounet, Marco Gibertini, Philippe Schwaller, Da-
vide Campi, Andrius Merkys, Antimo Marrazzo, Thibault
Sohier, Ivano Eligio Castelli, Andrea Cepellotti, Giovanni
Pizzi, and Nicola Marzari. Two-dimensional materials
from high-throughput computational exfoliation of exper-
imentally known compounds. Nature Nanotechnology,
13(3):246–252, March 2018.
500 Sten Haastrup, Mikkel Strange, Mohnish Pandey,
Thorsten Deilmann, Per S Schmidt, Nicki F Hinsche,
Morten N Gjerding, Daniele Torelli, Peter M Larsen, An-
ders C Riis-Jensen, Jakob Gath, Karsten W Jacobsen,
Jens Jørgen Mortensen, Thomas Olsen, and Kristian S
Thygesen. The Computational 2D Materials Database:
high-throughput modeling and discovery of atomically
thin crystals. 2D Materials, 5(4):042002, September 2018.
501 Jun Zhou, Lei Shen, Miguel Dias Costa, Kristin A. Pers-
son, Shyue Ping Ong, Patrick Huck, Yunhao Lu, Xiaoyang
Ma, Yiming Chen, Hanmei Tang, and Yuan Ping Feng.
2DMatPedia, an open computational database of two-
dimensional materials from top-down and bottom-up ap-
proaches. Scientific Data, 6(1):86, December 2019.
502 Daniele Torelli, Kristian S Thygesen, and Thomas Olsen.
High throughput computational screening for 2D ferro-
magnetic materials: the critical role of anisotropy and
local correlations. 2D Materials, 6(4):045018, July 2019.
503 Jia Li, Bei Zhao, Peng Chen, Ruixia Wu, Bo Li, Qinglin
Xia, Guanghua Guo, Jun Luo, Ketao Zang, Zhengwei
Zhang, Huifang Ma, Guangzhuang Sun, Xidong Duan,
and Xiangfeng Duan. Synthesis of Ultrathin Metallic
MTe 2 (M = V, Nb, Ta) Single-Crystalline Nanoplates.
Advanced Materials, 30(36):1801043, September 2018.
504 Xingdan Sun, Wanying Li, Xiao Wang, Qi Sui, Tongyao
Zhang, Zhi Wang, Long Liu, Da Li, Shun Feng, Siyu
Zhong, Hanwen Wang, Vincent Bouchiat, Manuel Nunez
Regueiro, Nicolas Rougemaille, Johann Coraux, Zhen-
hua Wang, Baojuan Dong, Xing Wu, Teng Yang,
Guoqiang Yu, Bingwu Wang, Zheng Vitto Han, Xi-
ufeng Han, and Zhidong Zhang. Room tempera-
ture 2D ferromagnetism in few-layered 1$T$-CrTe$ {2}$.
arXiv:1909.09797 [cond-mat], September 2019. arXiv:
1909.09797.
505 Yandong Ma, Ying Dai, Meng Guo, Chengwang Niu,
Yingtao Zhu, and Baibiao Huang. Evidence of the Ex-
istence of Magnetism in Pristine VX 2 Monolayers (X =
S, Se) and Their Strain-Induced Tunable Magnetic Prop-
erties. ACS Nano, 6(2):1695–1701, February 2012.
506 Manuel Bonilla, Sadhu Kolekar, Yujing Ma, Horacio Coy
Diaz, Vijaysankar Kalappattil, Raja Das, Tatiana Eg-
gers, Humberto R. Gutierrez, Manh-Huong Phan, and
Matthias Batzill. Strong room-temperature ferromag-
netism in VSe2 monolayers on van der Waals substrates.
Nature Nanotechnology, 13(4):289–293, April 2018.
507 P. Chen, Woei Wu Pai, Y.-H. Chan, V. Madhavan,
M.Y. Chou, S.-K. Mo, A.-V. Fedorov, and T.-C. Chiang.
Unique Gap Structure and Symmetry of the Charge Den-
sity Wave in Single-Layer VSe 2. Physical Review Letters,
121(19):196402, November 2018.
508 Jiagui Feng, Deepnarayan Biswas, Akhil Rajan,
Matthew D. Watson, Federico Mazzola, Oliver J. Clark,
Kaycee Underwood, Igor Markovic´, Martin McLaren,
Andrew Hunter, David M. Burn, Liam B. Duffy, Sourabh
Barua, Geetha Balakrishnan, Franc¸ois Bertran, Patrick
Le Fe`vre, Timur K. Kim, Gerrit van der Laan, Thorsten
Hesjedal, Peter Wahl, and Phil D. C. King. Electronic
Structure and Enhanced Charge-Density Wave Order of
Monolayer VSe 2. Nano Letters, 18(7):4493–4499, July
2018.
509 Yury Gogotsi and Babak Anasori. The Rise of MXenes.
ACS Nano, 13(8):8491–8494, August 2019.
510 Michael A. McGuire, Tribhuwan Pandey, Sai Mu, and
David S. Parker. Ferromagnetic Spin-1/2 Dimers with
Strong Anisotropy in MoCl 5. Chemistry of Materials,
31(8):2952–2959, April 2019.
511 Andrey M. Tokmachev, Dmitry V. Averyanov, Alexan-
der N. Taldenkov, Oleg E. Parfenov, Igor A. Karateev,
Ivan S. Sokolov, and Vyacheslav G. Storchak. Lanthanide
f 7 metalloxenes – a class of intrinsic 2D ferromagnets.
Materials Horizons, 6(7):1488–1496, 2019.
512 Dante J. O’Hara, Tiancong Zhu, Amanda H. Trout,
Adam S. Ahmed, Yunqiu Kelly Luo, Choong Hee Lee,
Mark R. Brenner, Siddharth Rajan, Jay A. Gupta,
David W. McComb, and Roland K. Kawakami. Room
Temperature Intrinsic Ferromagnetism in Epitaxial Man-
ganese Selenide Films in the Monolayer Limit. Nano
Letters, 18(5):3125–3131, May 2018.
513 Yuan Liu, Nathan O. Weiss, Xidong Duan, Hung-Chieh
Cheng, Yu Huang, and Xiangfeng Duan. Van der Waals
heterostructures and devices. Nature Reviews Materials,
1(9), September 2016.
514 Stephen Carr, Daniel Massatt, Shiang Fang, Paul
Cazeaux, Mitchell Luskin, and Efthimios Kaxiras.
Twistronics: Manipulating the electronic properties of
two-dimensional layered structures through their twist an-
gle. Physical Review B, 95(7):075420, February 2017.
515 Yuan Cao, Valla Fatemi, Shiang Fang, Kenji Watanabe,
Takashi Taniguchi, Efthimios Kaxiras, and Pablo Jarillo-
Herrero. Unconventional superconductivity in magic-
angle graphene superlattices. Nature, 556(7699):43–50,
April 2018.
516 A. Belianinov, Q. He, A. Dziaugys, P. Maksymovych,
E. Eliseev, A. Borisevich, A. Morozovska, J. Banys,
Y. Vysochanskii, and S. V. Kalinin. CuInP 2 S 6
Room Temperature Layered Ferroelectric. Nano Letters,
55
15(6):3808–3814, June 2015.
517 Xiuwen Zhang. Theoretical design of multifunctional half-
Heusler materials based on first-principles calculations.
Chinese Physics B, 27(12):127101, December 2018.
518 Colin W. Glass, Artem R. Oganov, and Nikolaus
Hansen. USPEX—Evolutionary crystal structure pre-
diction. Computer Physics Communications, 175(11-
12):713–720, December 2006.
519 Fritz Ko¨rmann, Abed Al Hasan Breidi, Sergei L. Dudarev,
Nathalie Dupin, Gautam Ghosh, Tilmann Hickel, Pavel
Korzhavyi, Jorge A. Mun˜oz, and Ikuo Ohnuma. Lambda
transitions in materials science: Recent advances in CAL-
PHAD and first-principles modelling: Lambda transitions
in materials science. physica status solidi (b), 251(1):53–
80, January 2014.
520 Sam De Waele, Kurt Lejaeghere, Elke Leunis, Lode
Duprez, and Stefaan Cottenier. A first-principles reassess-
ment of the Fe-N phase diagram in the low-nitrogen limit.
Journal of Alloys and Compounds, 775:758–768, February
2019.
521 Mark D. Wilkinson, Michel Dumontier, IJsbrand Jan
Aalbersberg, Gabrielle Appleton, Myles Axton, Arie
Baak, Niklas Blomberg, Jan-Willem Boiten, Luiz Bonino
da Silva Santos, Philip E. Bourne, Jildau Bouwman, An-
thony J. Brookes, Tim Clark, Merce` Crosas, Ingrid Dillo,
Olivier Dumon, Scott Edmunds, Chris T. Evelo, Richard
Finkers, Alejandra Gonzalez-Beltran, Alasdair J.G. Gray,
Paul Groth, Carole Goble, Jeffrey S. Grethe, Jaap
Heringa, Peter A.C ’t Hoen, Rob Hooft, Tobias Kuhn,
Ruben Kok, Joost Kok, Scott J. Lusher, Maryann E.
Martone, Albert Mons, Abel L. Packer, Bengt Persson,
Philippe Rocca-Serra, Marco Roos, Rene van Schaik,
Susanna-Assunta Sansone, Erik Schultes, Thierry Sen-
gstag, Ted Slater, George Strawn, Morris A. Swertz, Mark
Thompson, Johan van der Lei, Erik van Mulligen, Jan Vel-
terop, Andra Waagmeester, Peter Wittenburg, Katherine
Wolstencroft, Jun Zhao, and Barend Mons. The FAIR
Guiding Principles for scientific data management and
stewardship. Scientific Data, 3:160018, March 2016.
522 Shulin Luo, Tianshu Li, Xinjiang Wang, Muhammad
Faizan, and Lijun Zhang. High-throughput computational
materials screening and discovery of optoelectronic semi-
conductors. WIREs Computational Molecular Science,
June 2020.
523 Ask Hjorth Larsen, Jens Jørgen Mortensen, Jakob
Blomqvist, Ivano E Castelli, Rune Christensen, Marcin
Du lak, Jesper Friis, Michael N Groves, Bjørk Hammer,
Cory Hargus, Eric D Hermes, Paul C Jennings, Peter
Bjerre Jensen, James Kermode, John R Kitchin, Esben
Leonhard Kolsbjerg, Joseph Kubal, Kristen Kaasbjerg,
Steen Lysgaard, Jo´n Bergmann Maronsson, Tristan Max-
son, Thomas Olsen, Lars Pastewka, Andrew Peterson,
Carsten Rostgaard, Jakob Schiøtz, Ole Schu¨tt, Mikkel
Strange, Kristian S Thygesen, Tejs Vegge, Lasse Vilhelm-
sen, Michael Walter, Zhenhua Zeng, and Karsten W Ja-
cobsen. The atomic simulation environment—a Python
library for working with atoms. Journal of Physics:
Condensed Matter, 29(27):273002, July 2017.
524 Anubhav Jain, Shyue Ping Ong, Wei Chen, Bharat
Medasani, Xiaohui Qu, Michael Kocher, Miriam Brafman,
Guido Petretto, Gian-Marco Rignanese, Geoffroy Hautier,
Daniel Gunter, and Kristin A. Persson. FireWorks: a dy-
namic workflow system designed for high-throughput ap-
plications: FireWorks: A Dynamic Workflow System De-
signed for High-Throughput Applications. Concurrency
and Computation: Practice and Experience, 27(17):5037–
5059, December 2015.
525 Tanja Graf, Claudia Felser, and Stuart S.P. Parkin. Sim-
ple rules for the understanding of Heusler compounds.
Progress in Solid State Chemistry, 39(1):1–50, May 2011.
526 Anton O. Oliynyk, Erin Antono, Taylor D. Sparks, Leila
Ghadbeigi, Michael W. Gaultois, Bryce Meredig, and
Arthur Mar. High-Throughput Machine-Learning-Driven
Synthesis of Full-Heusler Compounds. Chemistry of
Materials, 28(20):7324–7331, October 2016.
527 T. J. Burch, T. Litrenta, and J. I. Budnick. Hyperfine
Studies of Site Occupation in Ternary Systems. Physical
Review Letters, 33(7):421–424, August 1974.
528 Yilin Han, Zongbin Chen, Minquan Kuang, Zhuhong Liu,
Xiangjian Wang, and Xiaotian Wang. 171 Scandium-
based full Heusler compounds: A comprehensive study
of competition between XA and L21 atomic ordering.
Results in Physics, 12:435–446, March 2019.
529 Mengxin Wu, Yilin Han, A. Bouhemadou, Zhenxiang
Cheng, R. Khenata, Minquan Kuang, Xiangjian Wang,
Tie Yang, Hongkuan Yuan, and Xiaotian Wang. Site pref-
erence and tetragonal distortion in palladium-rich Heusler
alloys. IUCrJ, 6(2):218–225, March 2019.
530 Xiaotian Wang, Mengxin Wu, Tie Yang, and Rabah
Khenata. Effect of Zn doping on phase transition and
electronic structures of Heusler-type Pd 2 Cr-based al-
loys: from normal to all-d-metal Heusler. RSC Advances,
10(30):17829–17835, 2020.
531 S. Kirklin, James E. Saal, Vinay I. Hegde, and C. Wolver-
ton. High-throughput computational search for strength-
ening precipitates in alloys. Acta Materialia, 102:125–135,
January 2016.
532 Jiangang He, Maximilian Amsler, Yi Xia, S. Sha-
hab Naghavi, Vinay I. Hegde, Shiqiang Hao, Stefan
Goedecker, Vidvuds Ozolin¸sˇ, and Chris Wolverton. Ul-
tralow Thermal Conductivity in Full Heusler Semiconduc-
tors. Physical Review Letters, 117(4), July 2016.
533 Jianhua Ma, Jiangang He, Dipanjan Mazumdar, Kama-
ram Munira, Sahar Keshavarz, Tim Lovorn, C. Wolver-
ton, Avik W. Ghosh, and William H. Butler. Computa-
tional investigation of inverse Heusler compounds for spin-
tronics applications. Physical Review B, 98(9), September
2018.
534 Jan Balluff, Kevin Diekmann, Gu¨nter Reiss, and Markus
Meinert. High-throughput screening for antiferromag-
netic Heusler compounds using density functional theory.
Physical Review Materials, 1(3), August 2017.
535 J.C. Suits. Structural instability in new magnetic heusler
compounds. Solid State Communications, 18(3):423–425,
1976.
536 Sergey V. Faleev, Yari Ferrante, Jaewoo Jeong, Ma-
hesh G. Samant, Barbara Jones, and Stuart S.P. Parkin.
Origin of the Tetragonal Ground State of Heusler Com-
pounds. Physical Review Applied, 7(3), March 2017.
537 Y-I Matsushita, G Madjarova, J K Dewhurst, S Shall-
cross, C Felser, S Sharma, and E K U Gross. Large
magnetocrystalline anisotropy in tetragonally distorted
Heuslers: a systematic study. Journal of Physics D:
Applied Physics, 50(9):095002, March 2017.
538 Ju¨rgen Winterlik, Stanislav Chadov, Arunava Gupta,
Vajiheh Alijani, Teuta Gasi, Kai Filsinger, Benjamin
Balke, Gerhard H. Fecher, Catherine A. Jenkins, Freder-
ick Casper, Ju¨rgen Ku¨bler, Guo-Dong Liu, Li Gao, Stuart
56
S. P. Parkin, and Claudia Felser. Design Scheme of New
Tetragonal Heusler Compounds for Spin-Transfer Torque
Applications and its Experimental Realization. Advanced
Materials, 24(47):6283–6287, December 2012.
539 Sergey V. Faleev, Yari Ferrante, Jaewoo Jeong, Ma-
hesh G. Samant, Barbara Jones, and Stuart S. P.
Parkin. Heusler compounds with perpendicular mag-
netic anisotropy and large tunneling magnetoresistance.
Physical Review Materials, 1(2), July 2017.
540 H. C. Herper. Ni-based Heusler compounds: How to tune
the magnetocrystalline anisotropy. Physical Review B,
98(1), July 2018.
541 Qiang Gao, Ingo Opahle, Oliver Gutfleisch, and Hongbin
Zhang. Designing rare-earth free permanent magnets in
Heusler alloys via interstitial doping. Acta Materialia,
January 2020.
542 Xie Zhang, Hongcai Wang, Tilmann Hickel, Jutta Rogal,
Yujiao Li, and Jo¨rg Neugebauer. Mechanism of collective
interstitial ordering in Fe–C alloys. Nature Materials, May
2020.
543 Z. Y. Wei, E. K. Liu, J. H. Chen, Y. Li, G. D. Liu, H. Z.
Luo, X. K. Xi, H. W. Zhang, W. H. Wang, and G. H.
Wu. Realization of multifunctional shape-memory ferro-
magnets in all- d -metal Heusler phases. Applied Physics
Letters, 107(2):022406, July 2015.
544 Araceli Aznar, Adria` Gra`cia-Condal, Antoni Planes, Pol
Lloveras, Maria Barrio, Josep-Llu´ıs Tamarit, Wenxin
Xiong, Daoyong Cong, Catalin Popescu, and Llu´ıs
Man˜osa. Giant barocaloric effect in all- d -metal Heusler
shape memory alloys. Physical Review Materials, 3(4),
April 2019.
545 Yilin Han, A. Bouhemadou, R. Khenata, Zhenxiang
Cheng, Tie Yang, and Xiaotian Wang. Prediction of possi-
ble martensitic transformations in all-d-metal Zinc-based
Heusler alloys from first-principles. Journal of Magnetism
and Magnetic Materials, 471:49–55, February 2019.
546 Yilin Han, Mengxin Wu, Yu Feng, Zhenxiang Cheng,
Tingting Lin, Tie Yang, Rabah Khenata, and Xiaotian
Wang. Competition between cubic and tetragonal phases
in all- d -metal Heusler alloys, X 2 x Mn 1+ x V ( X =
Pd, Ni, Pt, Ag, Au, Ir, Co; x = 1, 0): a new potential
direction of the Heusler family. IUCrJ, 6(3):465–472, May
2019.
547 Yong Li, Peng Xu, Xiaoming Zhang, Guodong Liu, Enke
Liu, and Lingwei Li. Electronic structures, magnetic
properties and martensitic transformation in all-d-metal
Heusler-like alloys Cd2MnTM (TM=Fe, Ni, Cu). Chinese
Physics B, May 2020.
548 Zhi-Yang Wei, En-Ke Liu, Yong Li, Gui-Zhou Xu, Xiao-
Ming Zhang, Guo-Dong Liu, Xue-Kui Xi, Hong-Wei
Zhang, Wen-Hong Wang, Guang-Heng Wu, and Xi-Xiang
Zhang. Unprecedentedly Wide Curie-Temperature Win-
dows as Phase-Transition Design Platform for Tunable
Magneto-Multifunctional Materials. Advanced Electronic
Materials, 1(7):1500076, July 2015.
549 Qiang Gao, Ingo Opahle, and Hongbin Zhang. High-
throughput screening for spin-gapless semiconductors
in quaternary Heusler compounds. Physical Review
Materials, 3(2):024410, February 2019.
550 T. Aull, E. S¸as¸ıog˘lu, I. V. Maznichenko, S. Ostanin,
A. Ernst, I. Mertig, and I. Galanakis. Ab initio de-
sign of quaternary Heusler compounds for reconfigurable
magnetic tunnel diodes and transistors. Physical Review
Materials, 3(12), December 2019.
551 Y. Venkateswara, S. Shanmukharao Samatham, P. D.
Babu, K. G. Suresh, and Aftab Alam. Coexistence of spin
semimetal and Weyl semimetal behavior in FeRhCrGe.
Physical Review B, 100(18), November 2019.
552 Jesu´s Carrete, Wu Li, Natalio Mingo, Shidong Wang,
and Stefano Curtarolo. Finding Unprecedentedly Low-
Thermal-Conductivity Half-Heusler Semiconductors via
High-Throughput Materials Modeling. Physical Review
X, 4(1), February 2014.
553 Celine Barreteau, Jean-Claude Crivello, Jean-Marc Jou-
bert, and Eric Alleno. Looking for new thermoelectric ma-
terials among TMX intermetallics using high-throughput
calculations. Computational Materials Science, 156:96–
103, January 2019.
554 Sandip Bhattacharya and Georg K. H. Madsen. A novel
p-type half-Heusler from high-throughput transport and
defect calculations. Journal of Materials Chemistry C,
4(47):11261–11268, 2016.
555 Muhammad Atif Sattar, S. Aftab Ahmad, Fayyaz Hus-
sain, and Claudio Cazorla. First-principles prediction of
magnetically ordered half-metals above room tempera-
ture. Journal of Materiomics, 5(3):404–412, September
2019.
556 Xiuwen Zhang, Liping Yu, Andriy Zakutayev, and Alex
Zunger. Sorting Stable versus Unstable Hypotheti-
cal Compounds: The Case of Multi-Functional ABX
Half-Heusler Filled Tetrahedral Structures. Advanced
Functional Materials, 22(7):1425–1435, April 2012.
557 Bartomeu Monserrat, Joseph W. Bennett, Karin M.
Rabe, and David Vanderbilt. Antiferroelectric Topologi-
cal Insulators in Orthorhombic A MgBi Compounds ( A
= Li , Na, K). Physical Review Letters, 119(3), July 2017.
558 Joseph W. Bennett, Kevin F. Garrity, Karin M. Rabe, and
David Vanderbilt. Hexagonal A B C Semiconductors as
Ferroelectrics. Physical Review Letters, 109(16), October
2012.
559 Joseph W. Bennett, Kevin F. Garrity, Karin M. Rabe,
and David Vanderbilt. Orthorhombic A B C Semicon-
ductors as Antiferroelectrics. Physical Review Letters,
110(1), January 2013.
560 Enke Liu, Wenhong Wang, Lin Feng, Wei Zhu, Gui-
jiang Li, Jinglan Chen, Hongwei Zhang, Guangheng
Wu, Chengbao Jiang, Huibin Xu, and Frank de Boer.
Stable magnetostructural coupling with tunable magne-
toresponsive effects in hexagonal ferromagnets. Nature
Communications, 3(1), January 2012.
561 Anis Biswas, Arjun K. Pathak, Nikolai A. Zarkevich,
Xubo Liu, Yaroslav Mudryk, Viktor Balema, Duane D.
Johnson, and Vitalij K. Pecharsky. Designed materials
with the giant magnetocaloric effect near room tempera-
ture. Acta Materialia, 180:341–348, November 2019.
562 Christina A. C. Garcia, Joshua D. Bocarsly, and Ram Se-
shadri. Computational screening of magnetocaloric alloys.
Physical Review Materials, 4(2), February 2020.
563 Jonathan Noky, Yang Zhang, Johannes Gooth, Clau-
dia Felser, and Yan Sun. Giant anomalous Hall and
Nernst effect in magnetic cubic Heusler compounds. npj
Computational Materials, 6(1), December 2020.
564 Alena Vishina, Olga Yu. Vekilova, Torbjo¨rn Bjo¨rkman,
Anders Bergman, Heike C. Herper, and Olle Eriksson.
High-throughput and data-mining approach to predict
new rare-earth free permanent magnets. Physical Review
B, 101(9), March 2020.
565 A. Edstro¨m, M. Werwin´ski, D. Ius¸an, J. Rusz, O. Eriks-
57
son, K. P. Skokov, I. A. Radulov, S. Ener, M. D. Kuz’min,
J. Hong, M. Fries, D. Yu. Karpenkov, O. Gutfleisch, P. To-
son, and J. Fidler. Magnetic properties of ( Fe 1 x Co
x ) 2 B alloys and the effect of doping by 5 d elements.
Physical Review B, 92(17), November 2015.
566 L. Reichel, G. Giannopoulos, S. Kauffmann-Weiss,
M. Hoffmann, D. Pohl, A. Edstro¨m, S. Oswald, D. Niar-
chos, J. Rusz, L. Schultz, and S. Fa¨hler. Increased mag-
netocrystalline anisotropy in epitaxial Fe-Co-C thin films
with spontaneous strain. Journal of Applied Physics,
116(21):213901, December 2014.
567 L Reichel, L Schultz, D Pohl, S Oswald, S Fa¨hler,
M Werwin´ski, A Edstro¨m, E K Delczeg-Czirjak, and
J Rusz. From soft to hard magnetic Fe–Co–B by spon-
taneous strain: a combined first principles and thin
film study. Journal of Physics: Condensed Matter,
27(47):476002, December 2015.
568 Nedko Drebov, Alberto Martinez-Limia, Lothar Kunz,
Adrien Gola, Takashi Shigematsu, Thomas Eckl, Pe-
ter Gumbsch, and Christian Elsa¨sser. Ab initio screen-
ing methodology applied to the search for new per-
manent magnetic materials. New Journal of Physics,
15(12):125023, December 2013.
569 Wolfgang Ko¨rner, Georg Krugel, and Christian Elsa¨sser.
Theoretical screening of intermetallic ThMn12-type
phases for new hard-magnetic compounds with low rare
earth content. Scientific Reports, 6(1), July 2016.
570 Tim A. Butcher, Wolfgang Ko¨rner, Georg Krugel, and
Christian Elsa¨sser. Dependence of magnetisation and
magnetocrystalline anisotropy on site distribution of al-
loying elements in RE-TM phases with ThMn 12 struc-
ture. Journal of Magnetism and Magnetic Materials,
441:1–5, November 2017.
571 Georg Krugel, Wolfgang Ko¨rner, Daniel F. Urban, Oliver
Gutfleisch, and Christian Elsa¨sser. High-Throughput
Screening of Rare-Earth-Lean Intermetallic 1-13-X Com-
pounds for Good Hard-Magnetic Properties. Metals,
9(10):1096, October 2019.
572 Christopher E. Patrick and Julie B. Staunton.
Temperature-dependent magnetocrystalline anisotropy
of rare earth/transition metal permanent magnets from
first principles: The light R Co 5 ( R = Y , La-Gd )
intermetallics. Physical Review Materials, 3(10), October
2019.
573 Christopher E. Patrick, Santosh Kumar, Geetha Bal-
akrishnan, Rachel S. Edwards, Martin R. Lees, Leon
Petit, and Julie B. Staunton. Calculating the Mag-
netic Anisotropy of Rare-Earth–Transition-Metal Ferri-
magnets. Physical Review Letters, 120(9), February 2018.
574 Joshua D. Bocarsly, Emily E. Levin, Christina A. C.
Garcia, Kai Schwennicke, Stephen D. Wilson, and Ram
Seshadri. A Simple Computational Proxy for Screen-
ing Magnetocaloric Compounds. Chemistry of Materials,
29(4):1613–1622, February 2017.
575 Nikolai A. Zarkevich and Duane D. Johnson. Reliable
thermodynamic estimators for screening caloric materials.
Journal of Alloys and Compounds, 802:712–722, Septem-
ber 2019.
576 Dezhen Xue, Prasanna V. Balachandran, Ruihao Yuan,
Tao Hu, Xiaoning Qian, Edward R. Dougherty, and Turab
Lookman. Accelerated search for BaTiO 3 -based piezo-
electrics with vertical morphotropic phase boundary using
Bayesian learning. Proceedings of the National Academy
of Sciences, 113(47):13301–13306, November 2016.
577 Barry Bradlyn, L. Elcoro, Jennifer Cano, M. G. Vergniory,
Zhijun Wang, C. Felser, M. I. Aroyo, and B. Andrei
Bernevig. Topological quantum chemistry. Nature,
547(7663):298–305, July 2017.
578 Siddharth A. Parameswaran, Ari M. Turner, Daniel P.
Arovas, and Ashvin Vishwanath. Topological order and
absence of band insulators at integer filling in non-
symmorphic crystals. Nature Physics, 9(5):299–303, May
2013.
579 Haruki Watanabe, Hoi Chun Po, Ashvin Vishwanath, and
Michael Zaletel. Filling constraints for spin-orbit cou-
pled insulators in symmorphic and nonsymmorphic crys-
tals. Proceedings of the National Academy of Sciences,
112(47):14551–14556, November 2015.
580 M. G. Vergniory, L. Elcoro, Claudia Felser, Nicolas Reg-
nault, B. Andrei Bernevig, and Zhijun Wang. A complete
catalogue of high-quality topological materials. Nature,
566(7745):480–485, February 2019.
581 Tiantian Zhang, Yi Jiang, Zhida Song, He Huang, Yuqing
He, Zhong Fang, Hongming Weng, and Chen Fang.
Catalogue of topological electronic materials. Nature,
566(7745):475–479, February 2019.
582 Ru Chen, Hoi Chun Po, Jeffrey B. Neaton, and Ashvin
Vishwanath. Topological materials discovery using elec-
tron filling constraints. Nature Physics, 14(1):55–61, Jan-
uary 2018.
583 Feng Tang, Hoi Chun Po, Ashvin Vishwanath, and Xian-
gang Wan. Comprehensive search for topological mate-
rials using symmetry indicators. Nature, 566(7745):486–
489, February 2019.
584 Zeying Zhang, Run-Wu Zhang, Xinru Li, Klaus
Koepernik, Yugui Yao, and Hongbin Zhang. High-
Throughput Screening and Automated Processing toward
Novel Topological Insulators. The Journal of Physical
Chemistry Letters, 9(21):6224–6231, November 2018.
585 Jianpeng Liu and David Vanderbilt. Spin-orbit spillage
as a measure of band inversion in insulators. Physical
Review B, 90(12), September 2014.
586 Kamal Choudhary, Kevin F. Garrity, and Francesca
Tavazza. High-throughput Discovery of Topologically
Non-trivial Materials using Spin-orbit Spillage. Scientific
Reports, 9(1), December 2019.
587 Yuanfeng Xu, Luis Elcoro, Zhida Song, Benjamin J
Wieder, M G Vergniory, Yulin Chen, Claudia Felser,
and B Andrei Bernevig. High-throughput Calculations of
Antiferromagnetic Topological Materials From Magnetic
Topological Quantum Chemistry. arXiv:2003.00012, page
196, 2020.
588 M. G. Vergniory, L. Elcoro, Zhijun Wang, Jennifer Cano,
C. Felser, M. I. Aroyo, B. Andrei Bernevig, and Barry
Bradlyn. Graph theory data for topological quantum
chemistry. Physical Review E, 96(2), August 2017.
589 Samuel V. Gallego, J. Manuel Perez-Mato, Luis El-
coro, Emre S. Tasci, Robert M. Hanson, Koichi Momma,
Mois I. Aroyo, and Gotzon Madariaga. MAGNDATA :
towards a database of magnetic structures. I. The com-
mensurate case. Journal of Applied Crystallography,
49(5):1750–1776, October 2016.
590 Mariette Hellenbrandt. The Inorganic Crystal Structure
Database (ICSD)—Present and Future. Crystallography
Reviews, 10(1):17–22, January 2004.
591 T. Bjo¨rkman, A. Gulans, A. V. Krasheninnikov, and
R. M. Nieminen. van der Waals Bonding in Layered
Compounds from Advanced Density-Functional First-
58
Principles Calculations. Physical Review Letters, 108(23),
June 2012.
592 S. Lebe`gue, T. Bjo¨rkman, M. Klintenberg, R. M. Niem-
inen, and O. Eriksson. Two-Dimensional Materials from
Data Filtering and Ab Initio Calculations. Physical
Review X, 3(3), July 2013.
593 Yu Zhu, Xianghua Kong, Trevor David Rhone, and Hong
Guo. Systematic search for two-dimensional ferromag-
netic materials. Physical Review Materials, 2(8), August
2018.
594 Zhao Liu, Gan Zhao, Bing Liu, Z.F. Wang, Jinlong Yang,
and Feng Liu. Intrinsic Quantum Anomalous Hall Effect
with In-Plane Magnetization: Searching Rule and Mate-
rial Prediction. Physical Review Letters, 121(24):246401,
December 2018.
595 Arnab Kabiraj, Mayank Kumar, and Santanu Mahapa-
tra. High-throughput discovery of high Curie point two-
dimensional ferromagnetic materials. npj Computational
Materials, 6(1), December 2020.
596 Chengwang Niu, Hao Wang, Ning Mao, Baibiao Huang,
Yuriy Mokrousov, and Ying Dai. Antiferromagnetic Topo-
logical Insulator with Nonsymmorphic Protection in Two
Dimensions. Physical Review Letters, 124(6), February
2020.
597 Kamal Choudhary, Kevin F Garrity, Jie Jiang, Ruth
Pachter, and Francesca Tavazza. Computational Search
for Magnetic and Non-magnetic 2D Topological Ma-
terials using Unified Spin-orbit Spillage Screening.
arXiv:2001.11389, page 24, 2020.
598 Zhou Jiang, Peng Wang, Jianpei Xing, Xue Jiang, and
Jijun Zhao. Screening and Design of Novel 2D Ferro-
magnetic Materials with High Curie Temperature above
Room Temperature. ACS Applied Materials & Interfaces,
10(45):39032–39039, November 2018.
599 Bheema Lingam Chittari, Dongkyu Lee, Nepal Banerjee,
Allan H. MacDonald, Euyheon Hwang, and Jeil Jung.
Carrier- and strain-tunable intrinsic magnetism in two-
dimensional M A X 3 transition metal chalcogenides.
Physical Review B, 101(8), February 2020.
600 Qiang Gao and Hongbin Zhang. Magnetic i-MXenes: a
new class of multifunctional two-dimensional materials.
Nanoscale, 12(10):5995–6001, 2020.
601 Johanna Rosen, Martin Dahlqvist, Quanzheng Tao, and
Lars Hultman. In- and Out-of-Plane Ordered MAX
Phases and Their MXene Derivatives. In Babak Ana-
sori and Yury Gogotsi, editors, 2D Metal Carbides and
Nitrides (MXenes), pages 37–52. Springer International
Publishing, Cham, 2019.
602 Xinru Li, Zeying Zhang, and Hongbin Zhang. High
throughput study on magnetic ground states with Hub-
bard U corrections in transition metal dihalide monolay-
ers. Nanoscale Advances, 2019.
603 A. S. Botana and M. R. Norman. Electronic structure and
magnetism of transition metal dihalides: Bulk to mono-
layer. Physical Review Materials, 3(4), April 2019.
604 Yunxiang Liao, Donovan Buterakos, Mike Schecter,
and Sankar Das Sarma. The two-dimensional elec-
tron self-energy: Long-range Coulomb interaction.
arXiv:2003.09433 [cond-mat], March 2020. arXiv:
2003.09433.
605 Bartomeu Monserrat and David Vanderbilt. Temperature
Effects in the Band Structure of Topological Insulators.
Physical Review Letters, 117(22), November 2016.
606 E C Stoner and E.W. Wohlfarth. A mechanism of mag-
netic hysteresis in heterogeneous alloys. Phil. Trans. R.
Soc. London, 240:599, 1948.
607 H Kronmueller, K.-D. Durst, and M. Sagawa. Analysis of
the magnetic hardening mechanism in RE-FeB permanent
magnets. Journal of Magnetism and Magnetic Materials,
74:291–302, 1988.
608 William F. Brown. Virtues and Weaknesses of the Do-
main Concept. Reviews of Modern Physics, 17(1):15–19,
January 1945.
609 Dominique Givord, Michel Rossignol, and Vitoria M.T.S.
Barthem. The physics of coercivity. Journal of Magnetism
and Magnetic Materials, 258-259:1–5, March 2003.
610 Satoshi Hirosawa, Masamichi Nishino, and Seiji
Miyashita. Perspectives for high-performance per-
manent magnets: applications, coercivity, and new
materials. Advances in Natural Sciences, 8(1):013002,
March 2017.
611 K.P. Skokov and O. Gutfleisch. Heavy rare earth free,
free rare earth and rare earth free magnets - Vision and
reality. Scripta Materialia, 154:289–294, September 2018.
612 Yintao Song, Xian Chen, Vivekanand Dabade,
Thomas W. Shield, and Richard D. James. En-
hanced reversibility and unusual microstructure of a
phase-transforming material. Nature, 502(7469):85–88,
October 2013.
613 Dagmar Goll, Ralf Loeffler, Dominic Hohs, and Ger-
hard Schneider. Reaction sintering as a high-throughput
approach for magnetic materials development. Scripta
Materialia, 146:355–361, March 2018.
614 I. Takeuchi, O.O. Famodu, J.C. Read, M.A. Aronova, K.-
S. Chang, C. Craciunescu, S.E. Lofland, M. Wuttig, F.C.
Wellstood, L. Knauss, and A. Orozco. Identification of
novel compositions of ferromagnetic shape-memory alloys
using composition spreads. Nature Materials, 2(3):180–
184, March 2003.
615 J.M. Rickman, T. Lookman, and S.V. Kalinin. Materials
Informatics: From the Atomic-Level to the Continuum.
Acta Materialia, 168:473–510, 2019.
616 Toy Hey, Stewart Tansley, and Kistin Tolle. The Fourth
Paradigm: Data-Intensive Scientific Discovery. Microsoft
Research, 2009.
617 Scott Kirklin, James E Saal, Bryce Meredig, Alex Thomp-
son, Jeff W Doak, Muratahan Aykol, Stephan Ru¨hl, and
Chris Wolverton. The Open Quantum Materials Database
(OQMD): assessing the accuracy of DFT formation ener-
gies. npj Computational Materials, 1(1), December 2015.
618 Callum J. Court and Jacqueline M. Cole. Auto-generated
materials database of Curie and Ne´el temperatures via
semi-supervised relationship extraction. Scientific Data,
5(1), December 2018.
619 Hieu Chi Dam, Viet Cuong Nguyen, Tien Lam Pham,
Anh Tuan Nguyen, Kiyoyuki Terakura, Takashi Miyake,
and Hiori Kino. Important Descriptors and Descriptor
Groups of Curie Temperatures of Rare-earth Transition-
metal Binary Alloys. Journal of the Physical Society of
Japan, 87(11):113801, November 2018.
620 James Nelson and Stefano Sanvito. Predicting the Curie
temperature of ferromagnets using machine learning.
Physical Review Materials, 3(10):104405, October 2019.
arXiv: 1906.08534.
621 T Long, N M Fortunato, Yixuan Zhang, O Gutfleisch, and
H Zhang. An accelerating approach of designing ferromag-
netic materials via machine learning modeling of magnetic
ground state and Curie temperature. arXiv:1908.00926,
59
page 13, 2019.
622 Yibin Xu, Masayoshi Yamazaki, and Pierre Villars. In-
organic Materials Database for Exploring the Nature
of Material. Japanese Journal of Applied Physics,
50(11):11RH02, November 2011.
623 Johannes J. Mo¨ller, Wolfgang Ko¨rner, Georg Krugel,
Daniel F. Urban, and Christian Elsa¨sser. Compositional
optimization of hard-magnetic phases with machine-
learning models. Acta Materialia, 153:53–61, July 2018.
624 Angelo Maiorino, Manuel Gesu` Del Duca, Jaka Tusˇek,
Urban Tomc, Andrej Kitanovski, and Ciro Aprea. Eval-
uating Magnetocaloric Effect in Magnetocaloric Materi-
als: A Novel Approach Based on Indirect Measurements
Using Artificial Neural Networks. Energies, 12(10):1871,
May 2019.
625 Jonathan Schmidt, Ma´rio R. G. Marques, Silvana Botti,
and Miguel A. L. Marques. Recent advances and applica-
tions of machine learning in solid-state materials science.
npj Computational Materials, 5(1):83, December 2019.
626 S. Sanvito, M. Zˇic, J. Nelson, T. Archer, C. Oses, and
S. Curtarolo. Machine Learning and High-Throughput
Approaches to Magnetism. In Wanda Andreoni and Sid-
ney Yip, editors, Handbook of Materials Modeling, pages
1–23. Springer International Publishing, Cham, 2018.
627 Fleur Legrain, Jesu´s Carrete, Ambroise van Roekeghem,
Georg K.H. Madsen, and Natalio Mingo. Materials
Screening for the Discovery of New Half-Heuslers: Ma-
chine Learning versus ab Initio Methods. The Journal of
Physical Chemistry B, 122(2):625–632, January 2018.
628 Kyoungdoc Kim, Logan Ward, Jiangang He, Amar Kr-
ishna, Ankit Agrawal, and C. Wolverton. Machine-
learning-accelerated high-throughput materials screen-
ing: Discovery of novel quaternary Heusler compounds.
Physical Review Materials, 2(12), December 2018.
629 Xiao Hu, Yaqiong Zhang, Shuaiyu Fan, Xin Li, Zhenjie
Zhao, Chao He, Yonghong Zhao, Yong Liu, and Wen-
hui Xie. Searching high spin polarization ferromagnet in
Heusler alloy via machine learning. Journal of Physics:
Condensed Matter, 32(20):205901, May 2020.
630 Ingo Steinbach. Phase-Field Model for Microstructure
Evolution at the Mesoscopic Scale. Annual Review of
Materials Research, 43(1):89–107, July 2013.
631 Lukas Exl, Johann Fischbacher, Alexander Kovacs, Har-
ald O¨zelt, Markus Gusenbauer, Kazuya Yokota, Tet-
suya Shoji, Gino Hrkac, and Thomas Schrefl. Mag-
netic microstructure machine learning analysis. Journal
of Physics: Materials, November 2018.
632 Michele Ceriotti, Michael J. Willatt, and Ga´bor Csa´nyi.
Machine Learning of Atomic-Scale Properties Based on
Physical Principles. In Wanda Andreoni and Sidney Yip,
editors, Handbook of Materials Modeling, pages 1–27.
Springer International Publishing, Cham, 2018.
633 Dezhen Xue, Prasanna V. Balachandran, John Hogden,
James Theiler, Deqing Xue, and Turab Lookman. Ac-
celerated search for materials with targeted properties by
adaptive design. Nature Communications, 7(1):11241, De-
cember 2016.
634 Ruihao Yuan, Zhen Liu, Prasanna V. Balachandran, De-
qing Xue, Yumei Zhou, Xiangdong Ding, Jun Sun, Dezhen
Xue, and Turab Lookman. Accelerated Discovery of Large
Electrostrains in BaTiO 3 -Based Piezoelectrics Using Ac-
tive Learning. Advanced Materials, 30(7):1702884, Febru-
ary 2018.
635 Kotaro Saito, Masao Yano, Hideitsu Hino, Tetsuya Shoji,
Akinori Asahara, Hidekazu Morita, Chiharu Mitsumata,
Joachim Kohlbrecher, and Kanta Ono. Accelerating
small-angle scattering experiments on anisotropic sam-
ples using kernel density estimation. Scientific Reports,
9(1):1526, December 2019.
636 Tetsuro Ueno, Hideitsu Hino, Ai Hashimoto, Yasuo Take-
ichi, Masahiro Sawada, and Kanta Ono. Adaptive
design of an X-ray magnetic circular dichroism spec-
troscopy experiment with Gaussian process modelling.
npj Computational Materials, 4(1):4, December 2018.
637 Jacob Madsen, Pei Liu, Jens Kling, Jakob Birkedal Wag-
ner, Thomas Willum Hansen, Ole Winther, and Jakob
Schiøtz. A Deep Learning Approach to Identify Local
Structures in Atomic-Resolution Transmission Electron
Microscopy Images. Advanced Theory and Simulations,
1(8):1800037, August 2018.
638 Xiaoyue Duan, Feifei Yang, Erin Antono, Wenge Yang,
Piero Pianetta, Stefano Ermon, Apurva Mehta, and Yi-
jin Liu. Unsupervised Data Mining in nanoscale X-ray
Spectro-Microscopic Study of NdFeB Magnet. Scientific
Reports, 6(1):34406, December 2016.
639 Nicola Marzari, Arash A. Mostofi, Jonathan R. Yates,
Ivo Souza, and David Vanderbilt. Maximally localized
Wannier functions: Theory and applications. Reviews of
Modern Physics, 84(4):1419–1475, October 2012.
640 E.N. Economou. Green’s Functions In Quantum Physic.
Springer, 2006.
641 Ralf Drautz. Atomic cluster expansion of scalar,
vectorial and tensorial properties and including mag-
netism and charge transfer. arXiv:2003.00221 [cond-mat,
physics:physics], February 2020. arXiv: 2003.00221.
642 Alex Zunger. Inverse design in search of materials with
target functionalities. Nature Reviews Chemistry, 2(4):1,
April 2018.
643 Juhwan Noh, Jaehoon Kim, Helge S. Stein, Benjamin
Sanchez-Lengeling, John M. Gregoire, Alan Aspuru-
Guzik, and Yousung Jung. Inverse Design of Solid-
State Materials via a Continuous Representation. Matter,
1(5):1370–1384, November 2019.
644 Olga Wodo, Scott Broderick, and Krishna Rajan. Mi-
crostructural informatics for accelerating the discovery of
processing–microstructure–property relationships. MRS
Bulletin, 41(08):603–609, August 2016.
